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Abstract 
Observation of turbidite features including areal development and 
thickness of Bouma units, grainsize and grading are used to define the 
flow parameters of a turbidity current. 	 Observations have been made 
on four beds in the Marnoso-Arenacea formation in the Northern 
Apennines, Italy. This allows the estimation of turbidity current 
depth, volume, velocity, deceleration and density variation. A 
computer simulation of sediment deposition at a single locality from a 
turbidity current flow has been developed. The latter enables 
theoretical units derived from experimental and theoretical studies to 
be compared with field observations. 
Studies of a large turbidite, the 'Contessa bed' show that it was 
introduced into a long, narrow basin from a southeasterly source and 
continued to flow northwestwards before turning on itself with the 
consequent reversing of structures. It is postulated the reversal was 
due to the collision of the turbidity current against an intra-basin 
fault scarp. This reversed the current before it had reached the full 
length'of the basin. 
Syndepositional mudflows have been discovered in three beds, 
occurring at the Bouma 'C' and 'D' interface. 	 They are related to 
sediment highs, fan-fringe positions and inherent instabilities in the 
sediment. After liquefaction, movement and freezing the mudflows were 
succeeded by normal Bouma .D. sedimentation. 
-iv- 
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Chapter  One 
Introduction and review of previous literature 
Since Kuenen and Nigliorini (1950) started a geological 
revolution with the concept that graded beds in the geological record 
had been formed by submarine density currents the complete study of a 
single bed derived from a single density current has long been cited 
as a major problem (Walker, 1973). 
Turbidity currents are currents containing suspended sediment 
which flow within a standing body of water due to their inherent 
higher densities. When the flows decelerate, overloading, deposition 
of sediment and consequent density decay produce a laterally and 
vertically graded bed. 
The depositional unit of a gradually decelerating turbidity 
current is the Bouma sequence comprising a structureless, graded 'A' 
unit, an upper stage planerparallel 'B' unit, a crossrstratified 'C' 
unit, a lower stage planerparallel laminated 'D' unit and an oceanic 
fallout 	 'E' unit (Bouma, 1962). 	 The sequence is of practical 
importance in the study of bedding thickness variations and properties 
of grainsize, sole markings, internal structures, etc., and their 
dependence on current velocity, 	 rate of deceleration, depth and 
density. 
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The aims of this work is to define the parameters of a turbidity 
current r volume, depth, velocity deceleration, density variation t 
from the observed features of turbidites r grainsize, 	 grading, 
thickness, areal development and thickness of Bouma units. To this 
end observations have been made in four beds in the MarnosowArenacea 
in the Northern Apennines, 	 Italy; 	 and a computer simulation of 
deposition at a single locality from a turbidity current has been 
developed. The latter required information on the parameters listed 
above from previous work which is treated below and includes 
experimental and theoretical studies, observations on recent turbidity 
currents and their deposits, and observations of ancient turbidites. 
Turbidity current velocity is related to flow depth, density, 
gravitational force, slope and frictional resistance at the base and 
top of the flow. (see Kuenen, 1951; Johnson, 1966; Middleton, 1966a; 
Scheidegger and Potter, 1971; 	 Kersey and Hsu, 1976.) It is these 
factors that control the type of flow (tranquil, turbulent, etc.) as 
defined by the flow Reynolds number or densiometric Fronde number 
(Middleton, 1966a; 	 Kersey 	 and 	 Hsu, 1976). 	 The velocity decay 
downflow, or at a point, is less clearly understood because of the 
problems of direct observation in nature and the difficulties in 3D 
modelling of flow using experimental or theoretical models. Plapp and 
Mitchel]. (1966), invoking turbulent boundary layer theory, argue that 
velocity at a point downflow is inversely proportional to the 
horizontal distance from source. Potter and Scheidegger (1966) relate 
the deposited grainsize as a function of turbulence decay, 	 while 
Kersey and Hsu (1976) and Luthi (1980) have tried to relate total flow 
energy to velocity, slope, flow depth and density. 	 Hanesjee (1977) 
found that the rate of deceleration affected grainsize sorting and 
growth rate of sedimentary structures, 	 while Luthi (1980) found 
velocity decay related to density decay and not slope. 
Density distribution through flows on horizontal floors is 
uniform, but decreases upwards towards the flow interface on steeper 
slopes due to ambient mixing of water across the flow boundaries 
(Luthi, 1980). 	 In distal flows Stonely (1957) says that downward 
density increment in turbidity currents is constant at about 0.6 so 
producing thin, high density distal flows, while Plapp and Mitchell 
(1960) disagree, and say it is one-twentieth of this and results in 
thick, low density flows. This fundamental problem on the nature of 
distal turbudity flows still remains. 
Flow depth is regarded by Plapp and Mitchell (1960) to be 
directly proportional to distance from source on horizontal slopes. 
Johnson (1966) calculating flow depths for turbidites in the Madcap 
area of the northwest Atlantic, gives flow decreases of 53 to 5.8 m 
over 220 miles. 	 He does, 	 however, admit the problem of lateral 
spreading which increases the rate of depth decay. 	 Kersey and Hsu 
(1976) calculate flow depth downflow by acknowledging the role of 
slope and a friction loss factor and note that flows on horizontal 
slopes exhibit uniform downflow thickness, little ambient mixing and 
slow rates of depth decay change. This is confirmed by Luthi (1980), 
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who notes that with increasing slope the rate of depth decay downflow 
increases and that depth is directly related to the length of the 
flow. 
The distribution of grainsizes laterally and vertically in 
turbidite beds can be related to flow parameters like velocity, rate 
of density and depth decay. Grainsize has been related to slope (Rand 
and Emery, 1964; Conolly and Ewing, 1967), distance along flow (Hand 
and Emery, 1964; 	 Conolly and Ewing, 1967; 	 Middleton, 1967), bed 
thickness (Scheidegger and Potter, 1965; Potter and Scheidegger, 1966) 
and rate of current decay (Middleton, 1967; Banerjee, 1977). Hand and 
Emery (1964) were able to demonstrate that grainsize decay was 
exponential with distance in the San Diego trough, 	 while Potter and 
Scheidegger (1966) demonstrate in a semirquantitative model that bed 
thickness and grainsize decay asymtotically from flow source. The 
rate of the decay is demonstrated, to effect grain sorting 
(Middleton, 1967; 	 Banerjee, 1977) 	 and 	 bedform 	 growth 	 rates 
(Kuenen, 1965, 1966; Middleton, 1967; Walker, 1969; Allen, 1970b). 
Proposed mechanisms for grain transport in flows include movement 
in high concentrations near the floor as traction carpets 
(Kuenen, 1966; Middleton, 1967; Walker, 1967; Price, 1977; Elmore et 
al. 	 1979) and 	 suspension 	 through 	 turbulence 	 (Bagnold, 1962; 
Kuenen, 1965; McCave and Swift, 1976; 	 Banerjee, 1977; 	 Hesse and 
Chough, 1980; Stow and Bowen, 1980). The presence of clay and silt 
fines affects the settling velocities of larger grains and increases 
their transport potential (Kuenen, 1965; Pett and Walker, 1971; Kuenen 
and Sengupta, 1970; COlella et al., 1981). Sediment transport may be 
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aided by a process called 'autosuspension' (Bagnold, 1962), although 
this idea has been criticized by Middleton (1966a) for being based on 
dubious assumptions and Luthi (1980) as a mathematical inequality. 
Theoretical models combined with size and scaling in experimental 
models provide only limited information on flow depth, 	 velocity, 
density and grainsize decay in turbidites. The extrapolation of their 
results to natural occuring flows may be problematic. 
The recording of modern turbidity currents in nature is difficult 
and is often confined to information gained from submarinercable 
breaks in the very recent past. The most famous example is the 'Grand 
Banks' turbidity current which was generated by an earthquake off the 
Newfoundland coast in 1929. The resultant turbidity current flowed 
for 300 miles onto the Sohm Abyssal Plain at velocities up to 70 km 
per hour with a volume of 100 km3 (Heezen and Ewing, 1952; Kuenen, 
1952; Heezen, Ericson and Ewing, 1954; Menard, 1964). Further studies 
of submarine cable breaks by turbidity currents of lesser orders of 
magnitude have been documented from the Balaearic Abyssal Plain after 
the 1954 Orleansville earthquake (Heezen and Ewing, 1955), off the 
Congo and Magdalena rivers and in the Western New Britain Trench 
(summary by Heezen and Holister, 1971). Small scale turbidity 
currents have been documented from lakes (Lambert et al., 1976, 	 Lake 
Wallensee, Switzerland; Normark and Dickson, 1976, Lake Superior, 
Canada). 	 Both marine and lake studies indicate downflow exponential 
decay of velocity, 	 but little or no information on grainsize or 
bedform decay. 
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If this detail is lacking in recorded flows, then an examination 
of the detailed structures and grainsize of individual turbidites in 
modern marine sediments may provide clues to rates of current decay. 
Correlation of single turbidites in geologically recent sediments in 
modern deep marine basins has met varying degrees of success. ['Grand 
Banks' turbidity current for 300 miles, Newfoundland (Heezen and 
Ewing, 1952); 55 km, Tyrrhenian Abyssal Plain Mediterranean (Ryan et.  
al., 1965); 65 km, Madcap area, E. Atlantic (Belderson and Laughton, 
1965); 100 km, Puerto Rico Trench (Conolly and Ewing, 1967); 350 
miles, Gulf of Mexico (Davies, 1968); rebounding currents after 10 km, 
MidrAtlantic (van Andel and Komar, 1969); 25r30 km, Columbus Basin, 
Bahamas (Bornhold and Pilkey, 1971); 33 km, Western Albora.n .Sea, 
Mediterranean (Bartolini et al., 1972); 55 km, Wilkes Abyssal Plain, 
Antarctica (Payne et al., 1972); 30 km, HispaniolarCaicos Basin, 
Caribbean (Bennetts and Pilkey, 1976); 35 km, Navidad Basin, Caribbean 
(Sieglie et al., 	 1976); 	 500 km, Hatteras Abyssal Plain, Atlantic 
(Elmore et al., 1979); 40 km, 	 Exuma Sound, Bahamas (Crevello and 
Schlager, 1980).] With the exception of the works by Bennetts and 
Pilkey (1976) and Elmore et al. (1979) the preceeding studies have 
largely dealt with grainsize, 	 long:distance correlation and the 
description of complete beds as tonguershaped or lobate forms. This 
limited application of turbidite beds and the lack of detailed data 
produces problems in relating bedform, grainsize and bed thickness to 
the parent turbidity current. 	 Only Bennetts and Pilkey (1976) have 
completed more detailed studies on grainsize, 	 compositional changes 
and the variation of Bouma units in three turbidities in the 
HispaniolarCaicos Basin in the Caribbean. 	 The study of the 'Black 
r 7 ir 
Shell' turbidite (Hatteras abyssal plain) only identifies an axial AE 
unit, 	 and lateral and distal 'more complete' Bouma units with 
corresponding vertical and lateral changes in grainsize (Elmore et 
al., 1979). 
If detail is lacking from recent deeprsea sediments then the 
vertical and lateral decline of structures within marker turbidities 
in ancient sequences may provide some of the anslrers to the 
evolutionary' characteristics of turbidity currents during flow and 
sediment deposition. The earliest attempt at correlation of single 
beds within rock sequences was carried out by Carozzi (1957) in the 
Swiss Alps. Nine turbidites containing shelfrderived material were 
correlated up to 40 km in a sequence of black pelagic limestones of 
Upper Jurassic age. 	 The study was one of bed correlation down a 
palaeoslope and grainsize variation both vertically and laterally 
within the beds. 
More detailed studies of individual beds over greater distances 
have been carried out in the Cloridorme Formation, Gaspe Peninsula, 
Canada (Enos, 1969; Parkash, 1970; Parkash and Middleton, 1970; 
Skipper and Middleton, 1975); the Bavarian Alps (Hesse, 1974); the 
Pyrennes, Spain (Rupke, 1976; Johns et al., 	 1981); 	 the Otadai 
Formation, Boso Peninsula, Japan (Hirayama and Nikajima, 1977) and the 
Apennines, 	 Italy (Ricci Lucchi and Pialli, 1973; Parea and Ricci 
Lucchi, 1975; Ricci Lucchi and Valmori, 1980). 
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Detailed work carried out in the Cloridorme Formation provided 
information on the rate of downcurrent change of basal structures, 
internal current meandering and grain orientations in beds correlated 
up to 12 km downflow. In the Otadai Formation, 	 Japan, 	 turbidite 
correlation over 60 km has yielded additional information on the rate 
of vertical and lateral downflow decay of Bouma units. From the 
Pyrenees, Rupke (1976) recorded current interrfingering, pulsing, 
ponding of fine sediment, 	 and changes of current direction for 
individual turbidites correlated up to 16 km. Johns et al.  (1981) 
recorded from the same formation a megarturbidite (up to 43 m thick) 
overlying a thick, 	 massive conglomerate which is a minimum of 75 km 
long and 12 km wide. However, information is only provided on lateral 
and vertical grainsize variation with overall bed shape. 
Lateral continuity of single beds in the rock record over greater 
distances is more difficult to prove. Hesse (1974) described the 
correlation of 55 beds over 115 km in the Bavarian Alps but lack of 
outcroprcontinuity and tectonic complications has raised doubts over 
the validity of the correlation. In the Italian Apennines relatively 
simple structural evolution and the presence of a large megaTturbidite 
timermarker (the 'Contessa bed') emplaced in a sequence of thinner 
deeprsea fan and basinrplain deposits has allowed detailed correlation 
of individual beds over 120T150 km (Ricci Lucchi and Pialli, 1973; 
Parea and Ricci Lucchi, 1975; Ricci Lucchi and Valmori, 1980). Work 
carried out on individual layers has produced data on overall bed 
shapes, 	 grainsize variations, 	 current reworking and ponding of 
finergrained sediments. 
t 9 t 
The detailed examination GI- Bouma unit internal structures for 
several single turbidites over long distances is required to give some 
guidance as to the likely values of the many unknown variables in 
theoretical models. 	 The detail required is unavailable from modern 
deeprsea studies as demonstrated in the above review but the 
occurrence of a basin wide sequence of turbidites in the Marnoso 
Arenacea Formation in Italy correlated over 	 130 km lends an 
opportunity to provide data for these variables. 
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Chapter Two 
The Marnoso-Arenacea formation: Geological setting 
The problem is to determine the variables involved in turbidity 
currents during flow and sediment deposition. To this purpose four 
turbidites from the MarnosorArenacea (M,A) formation in northern Italy 
were studied. 
The geologic history of the northern Apennine and the MrA 
formation 
	
has 
	 been 	 reviewed 	 by 	 Ricci 	 Lucchi 
(1975,a; 1975,b; 1978, 1981) and is therefore only summarized here. 
The MrA occurs in the northeastern Apennine (Periadriatic) 
mountains of Italy and represents the outer and younger parts of the 
Apenninic chain (fig. 2.1). 	 The northern Apennines consist 	 of 
tectonically superposed or juxtaposed units which are dominantly 
nappes or allochthonous sheets i.e. units of rock moved varying 
distances from their place of formation by tectonic processes. 	 They 
consist of 'alpine' or 'apenninic' units where the former (called 
'Ligurian units') are largely early Jurassic oceanic rocks which were 
transported towards Europe during an alpine orogenic phase 
(CretaceousrEocene) and then south during a later apennine phase in 
the postrearly Miocene 	 (Sestini, 1970; Boccaletti, 	 Elter 	 and 
Guazzone, 1971). The allochthonous apennine units are represented by 
locally derived flysch of turbidite formations and form the 
tectorstratigraphic units known as the Macigno, Modino and Cervarola 
formations. Unfolding and replacement of the apenninic allochthonous 
units to original prerMiocene positions indicates that the Apennine 
fig. 2.1 Aerial extent of the Marnoso-Arenacea formation and Contessa 
bed location points 	 (after 	 Ricci 	 Lucchi 	 and Valmori, 1980). 
1,2,3 Coniole, Santerno v., 	 4. Palazzuolo, 	 5. Madonna del Fiumi, 
6. Cavalmagra, 7. San Martino, B. Campigno, 9. Tredozio, 10. Bocconi, 
11. Fiumicello, 12. Strada s. Zeno, 13a,b. Corniolo, 14. Radracoli, 
15. Galeata, 16. Pietrapazza, 17. Bagno di Romagna (Fonts del Gatto), 
18. Lamoli, 	 19a,b. Mercateilo, 	 20. C. Busseto, 21. Assino Creek, 
22. Contessa Road, 23. Gubbio. 
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basins were a series of parallel, northwestrsouthwest trending basins 
that have been moved up to 120 km eastwards. 
Not all apenninic units are allochthonous for the outer ones 
(including the MrA) which form the Adriatic side of the chain are 
considered autochthonous, though some slippage over Triassic 
evaporites has occurred. The autochthonous units called 
'Periadriatic' or 'UmbrianrMarchean units' are marine sediments 
(Liassic to middle Miocene) which have undergone deformation but not 
metamorphism in the middlerlate Miocene to middle Pliocene. 
12 
ILI 
Lu 
0 
0 
STAGE ZONE SUBZONE BLOW ZONE 
Messinian Globorotalia tumida plesioturnida 
N 18 
N 17 
Tortonian Globorotalla 
mertardie 
' 
Globorotalia miocenica 
Si. N 16 
Globorotalia ventriosa I 
Globigerina nepenthes 
N IS 
......_ 
N 14 
 
Serravallian Orbaltna 	 s.l. 
Globigerinoides obliquus 	 '
Globoquadrina altispira / 
Globorotalia miozea N 13 — N 12 
Orbulina suturalis N II 	 -- N 	 9 
Langhian Globigerinoides trilobus 
Praeorbulina gloinerosa 
s.l. N 8 
Globigerinoides bisphericus 
N 7 
Globoquadrina dehiscens 
Aquitanian 
Globigerinita 
dissimilis 
Globigerinoides altiaperturus I 
Gbr. trilobus 	 I.s. 
N 6 — N 5 
Globigerinoides primordius N 4 
* GIs% lenguaensis 
Table 2.1 Chrono. and bio-stratigraphical subdivisions of the Miocene. 
(From Crescenti, Colongo, Cati, et al., in Ricci Lucchi, 1975,a; 1981) 
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fig. 2.2 Schematic map of Miocene sedimentary domains in the northern 
Periadriatic Apennines with indication of main transversal tectonic 
lines (from Ricci Lucchi, 1975a). 
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During the middlerlate Miocene the periadriatic area consisted of 
two main palaeogeographic depositional areas, 	 the 'Inner basin' and 
the foredeep (fig. 2.2). The Inner basin was the largest basin in 
the area and was active from Langhianrearly Tortonian time 
(Table 2.1), and extended for nearly 400 km from Piacenza in the north 
to Perugia in the south. Basin width was a maximum 60 km and the 
orientation of the central axis was northwestrsoutheast. 	 Like many 
apenninic basins it was elongated parallel to the present tectonic 
axes with its eastern margin merging with the foredeep and the 
northwestern and southeastern margins being defined by active 
transverse, 	 tectonic faults (fig. 2.2). 	 The southeastern fault 
defined the northwestern edge of a carbonate platform (the 'Abruzzi 
platform', figs. 2.4a; 2.4b) which during the middle Miocene separated 
the MrA basin from the larger Laga basin to the south. 	 The basin 
margin to the west is buried by overthrust ModinorCervaola units 
except for one area around Madonna del Fiumi (fig. 2.1, loc. 5). 
During the middle Miocene the basin divided into two along a major 
transverse tectonic line (the 'Sillaro line', 	 fig. 2.2) with the 
northern part becoming infilled by Ligurian units and the south 
gradually uplifted. Other transverse faults cut the basin at 
irregular intervals to produce a stepped northwest to southeast 
palaeoslope. 
The foredeep lay to the northeast of the inner basin and 
comprised a northern narrow trough and in the southeast, a series of 
complex,parallel minor basins (fig. 2.2). 	 Both the inner basin and 
the foredeep are thought to have been faultrbounded miorgeosynclinal 
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fig. 2.3 Correlation of the Contessa, D.21, D.38 and D.41 turbidites, 
Periadriatic Apennines, Italy. Note the decrease in numbers of sandy 
turbidites to the southeast (adapted from Ricci Lucchi and 
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basins at the African continental margin or on a separate 
ItalorDynaric microplate. 
Uplift and faulting has left the M7A relatively undeformed in 
gently dipping fault blocks. At boundary faults the beds are steeply 
upturned. 
Sediment supply was primarily from the northwest with minor but 
significant intrarbasin sources from the, southeast and other basin 
margins. The northwestern source was situated along the alpine chain 
(testified by fragments of mediumrhigh grade metamorphic schist and 
gneiss, 	 serpentinorschist and dolomite) while the minor southern 
source supplied carbonaterrich material containing granitic 
fragments. Other minor sources included recycled intrarbasin 
sediments 	 and 	 early 	 Ligurian 	 units 	 (Cipriani 	 and 
Malesani, 1963; Gandolfi, Paganelli and Zufa, 1981). Volumetrically 
the minor sources supplied only 2r3% of the total sediment input but 
this in often single, 	 spectacular events (e.g. the Contessa bed). 
Sedimentation rates were high in the Inner basin (average 
15r45 cm/1000 yr; 	 max. 	 75 cm/1000 yr) with the foredeep only 
achieving 3r5 cm/1000 years. 	 The four turbidites studied comprised 
the middle Serravallian 'Contessa bed' (type exposure: 	 the Contessa 
road section, Gubbio, close to the basin entry point of the turbidite; 
Ricci Lucchi and Pialli, 1973; Parea and Ricci Lucchi, 1975) and the 
turbidites D.21, D.38 and 8,41 (fig. 2.3). (The letter 'D' denotes a 
position above the Contessa bed, the 'position figure', the number of 
beds above.) The immense size, high calcium carbonate content and the 
southeasterly origin unlike the 'northern' turbidites makes the 
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Contessa bed an ideal lithological time plane with which to correlate 
rock sequences. The immense size of the Contessa deposit smoothed out 
many basinrbottom irregularities so investigation of the beds 
immediately above Contessa proved more desirable to beds below which 
were probably influenced by unknown bottom irregularities. 
Middle Serravallian palaeogeographical reconstruction for the 
inner basin can be split into two subrunits, the pre-Contessa and the 
postrContessa. 
Sub-surface drilling in the Po plain indicates in prerContessa 
time the presence of a northwesterly derived deep-sea fan complex near 
Piacenza which is succeeded southwards by fanrfringe and basin plain 
deposits (fig. 2.4a). South of Bologna, 	 the outcrops of the MrA 
indicate another northwesterly derived fanrcomplex succeeded to the 
south of the Marecchia area by a smooth basin plain. The incoming of 
the Contessa flow marked the end of the maximum progradation of the 
deeprsea fans across the basin plains. 
PostrContessa times are marked by a temporal decrease in the 
northwesterly supply of sediment, increased subsidence and the 
recession of the southern fanrcomplex to increase the size of the 
southern basin plain (fig. 2.4b). During the Serravallian the uniform 
lateral thicknesses of basinrplain turbidites suggests a near 
horizontal slope but on the oversupplied deeprsea fams the beds 
indicate slopes up to 1r3°. Absolute depths for the basin plain based 
on plankton/benthos ratios (in the hemipelagites), ichnofacies 
('Nereites7 assocition, Seilacher, 1967) and geometrical reasoning 
indicate depths of 1500-1750 m (Ricci Lucchi, 1978; 1981). 
Deep-sea fan, fan-fringe and basin-plain facies have been 
described from this area by Mutti and Ricci Lucchi (1972; 1975) and 
Ricci Lucchi (1975a) and a brief summary is expressed here. 
In the exposed southern fan-complex a distinction between inner 
and middle fan is not applicable to the M-A. Evidence for apical fan 
valleys with great depths, steep sides and very coarse chaotic fills 
is lacking, while on the mid-fan it is unclear if the preserved 
channels are distal extensions of single fan valleys or a channel 
distributary network. 	 Inter-channel areas are represented by thin, 
parallel sided muds and sands. 
The outer fan is represented by mud-rich interbeds and sandy, 
narrow elongated lobes which are attached to mid-fan channel termini. 
Finally the basin plain is represented by thick developments of 
hemipelagite and silt, mudstone (Bourne CDE and DE turbidites which are 
laterally continuous and parallel sided) with bioturbation of the beds 
common. 
Mantling all the facies are basin-wide, extensive, 	 individual 
turbidites. It is into this latter category the Contessa, the D.21, 
D.38 and D.41 beds fall, their basin-wide extent and size making them 
relatively controlled units to study. 
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Chapter Three 
Description of the Contessa bed  
Plate 3.1 The Contessa bed at Galeata (loc. 15). Note the large size 
and couplet of resistant sandstone (Bouma B,C) and the dark grey 
Bouma D siltstone. 
3.1 Introduction 
The Contessa bed (Plate 3.1) is a mega*turbidite of exceptional 
volume in a sequence of thinner basin plain and fan fringe deposits 
(figs. 2.3, 3.1). With an estimated volume of 35 km3 (Ricci Lucchi, 
1978) it is correlatable for a length of 128 km with an exposed width 
fig. 3.1 Aerial extent of the Marnoso—Arenacea formation and Contessa 
bed location points (after Ricci Lucchi and Valmorio 1980). See 
fig. 2.1 for locality names. 
18 
of 25-30 km. Both the most proximal and distal sub-regions of the 
turbidite are lost due to burial by later allochthonous Ligurian 
units. 
The term 'bed' is used for a lithological unit comprising a 
sandstone and siltstone/mudstone couplet. Within this couplet not all 
Bouma units may be represented due, to either non-deposition, or later 
erosion. 
The term 'laminae' is used for units which are sometimes greater 
than the normal limit of 1 cm (McKee and Weir, 1953). This is because 
they are considered to be minor events in the deposition of the whole 
turbidite. 
'Proximal' and 'distal' are qualitative terms referring to 
distance along beds from the direction of flow origin (as presently 
exposed). 
The term 'heisipelagite' refers to a calcium carbonate and 
organic-rich (pteropods and foraminifera) rock with low mica content 
and extensive bioturbation (Ricci Lucchi, 1975a). It is considered to 
have been derived from the oceanic 'rainfall' of organic tests and 
sediment reworking by bottom ocean currents. In the typical tubidite 
sequence this makes up the inter-turbidite pelagic unit. 
As discussed in Chapter. Two the surface of the basin floor is 
assumed to be near horizontal in the basin plain, and 1-30 on the 
fan-fringes. 
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Though the number of data points in the basin is small a 
consideration of several data sets allows the development of a 
3tdimensional beds-form plot if basin, 
	 bed and flow symmetry is 
assumed. 
3.2 The Bouma A unit  
Occurring in the southeast of the basin the 'A' unit has a 
maximum thickness of 
	 102 cm at its extreme southeastern limit 
(fig. 3.2a). Decreasing in thickness both laterally and downflow (to 
the northwest) it produces a semi-coned shaped body that disappears 
after 40 km. The unit is normal-graded from a coarse grained sand at 
the base to a coarse-medium grained sand at the top. 
	 Occasional 
scattered grains near the base have maximum longtaxis lengths (a-axis) 
of 3 mm. 
3.3 The Bouma B unit 
The 'B' unit achieves its maximum thickness where it overlies the 
Bouma A unit in the southeast (fig. 3.2b). 	 Here a rapid decrease in 
thickness occurs laterally and downflow where the unit thickness 
decreases from 640 cm to 434 cm after 40 km. 	 A semi..cone shape 
tapering to the northwest is similar to the underlying Bouma A unit. 
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fig. 3.2 a) Unit thickness, extent and sample points for the Bourns A 
unit. 
b) Unit thickness, extent and sample points for the Bouma B 
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A more gentle decrease in unit thickness from 300 cm to 143 cm 
occurs along the rest of the basin to the northwest. 	 Maximum 
sedimentation occurs at the basin margins (300+ cm) with the central 
axial 'low' containing 143300 cm of sediment. 
Intratunit sedimentary structures are primarily laterally 
continuous planet parallel laminae. 	 These were picked out by the 
weathering of laminae with small grainsize differences. 	 Laminae 
thickness varies within the range 275 cm at the base of proximal 
exposures and 1-.2 mm in the distal and upper parts of units. 
In proximal Contessa at Assino Creek (fig. 3.1; loc. 21) in the 
top of the unit are bands of laminated coarsemedium grained and 
medium grained sand (Plate 3.2). Repeated couplets consist of poorly 
laminated, coarsetmedium grained sand with unit sizes ranging between 
12429 cm which are interspaced with 8-29 cm of well laminated medium 
grained sand. 	 Four cycles were recorded with the contacts between 
bands being sharp at the top and bottom. 
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Plate 3.2 Repetitions of poorly laminated, coarse*medium grained sand 
with well laminated medium grained sand in the upper Bouma B unit, 
Assino Creek (loc. 21). 
In more distal locations 'wavy laminae' overlain by normal 
planetparallel lamination was discovered at irregular heights in the 
Bouma B units. 	 Laminae overlying planetparallel laminae appeared to 
'pinch and swell' to produce horizontally aligned, 	 symmetrical, 
sinusoidal ripple forms that quickly becamee buried again by 
planetparallel laminae (Plate 3.3). Grainsize in the ripple forms is 
restricted to medium, medium fine grained sediment in the upper half 
of the unit. Crest to trough amplitudes for individual laminae never 
exceed 2 cm and cresttcrest wavelengths 29 cm. Crest line orientation 
is transverse to the inferred dirdction of flow. Unit thickness for 
ripple*form horizons is 7-10 cm with up to 2-3 horizons being found at 
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fig. 3.3 Palaeocurrent directions inferred from flute casts. (Single 
arrows represent single readings; direction roses the number of 
measurements indicated in Table 3.1.) 
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irregular heights at several exposures. Their occurrence at irregular 
heights in exposures of variable quality make inter-exposure 
correlation of specific horizons impossible. 
Plate 3.3 Sinusoidal 	 ripple laminae 
	 in Bouma B 	 plane-parallel 
lamination at Coniole, Saterno valley (loc. 1). 
3.4 Sole markings  
Flute casts indicating a southeast to northwest flow dominate the 
basal structures (fig. 3.3). In the proximal and central parts a 
deviation of the flute directions around the mean may reflect some 
eddying effects in the base of the current. The number of flutes 
varies erratically from very few to overcrowded abundance with no 
clear pattern emerging except for a general decrease in numbers in the 
final distal 20 cm (Table 3.1). Here the bed is dominated by flat, 
uneroded areas and scarce flutes. 
B 23 k 
Location distance (km) Total number of 
number 	 [SEt>N14) 	 flute mark observations 
	
23 	 2 	 10+ 
	
21 	 8 	 Flat base 
	
20 	 33.2 	 8 
19(a) 	 38.8 	 10+ 
	
18 	 43.2 	 7 
	
17 	 68.8 	 4 
	
15 	 84 	 8 
	
13 	 85.6 	 Flat base 
	
12 	 88.6 	 10 
	
11 	 92.4 	 6 
	
10 	 95.6 	 3 
	
9 	 100.8 	 1 
	
7 	 108 	 1 
	
6 	 108 	 4 
	
4 	 116.4 	 3 
	
3 	 123.6 	 9 
	
2 	 124 	 1 
	
1 	 128 	 1 
Table 3.1 Abundance of flute marks vs. distance doWn basin, Contessa 
turbidite ( + sign indicates large numbers of flutes of which a 
Minimum of ten readings taken. 
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Flute types consist of asymmetric and symmetric, simple 
parabolic, 	 symmetric spindle7shaped and asymmetric corkscrew and 
twisted forms (Allen, 1971a; fig. 3.4; Plate 3.4). 
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fig. 3.4 Schematic types of flute form in profile and plan (from 
Allen, 1971a). 
Measurement of flute parameters (length, depth, width) indicate a 
poorly defined trend of large, 	 broad, 	 deep flutes to smaller, 
shallower, narrow ones (fig. 3.5). Correlation coefficient (r) values 
range between -.0.61 to ..'0.46 are significant at the 10% level (see 
Appendix B for calculation and significance of regression lines and 
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fig. 3.4 Plots of flute length, depth and width vs distance down the 
basin, Contessa bed. 
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correlation coefficients). Small parasitic flutes extending in 
echelon downcurrent from large leading flutes are common (Plate 3.4). 
Plate 3.4 Asymmetric, parabolic flute with secondary parasitic flutes, 
proximal Contessa (Gubbio; loc. 22). Note the concentration of coarse 
sand grains in the base of the flute. 
Loading into the underlying mudstone by flute heads is common 
with vertically rising mud-*flames detectable between flute in areas 
where flutes are abundant. 
1- 26 t 
Within the basal zones of many flutes concentrations .of coarse 
sand grains could be found, 	 especially in the upcurrent heads 
(Plate 3.4). 
Other bottom structures are rare in Contessa and when found 
comprised poorly exposed groove-casts or excavated, sedimentrfilled 
worm 	 burrows. 	 The groove casts 	 discovered 	 at 	 Tredozio 
(fig. 3.1, loc. 9) 	 are 	 wide, 	 shallow 	 structures 	 (310 mm 
deep x 4',30 mm wide) 	 of 	 indeterminate 	 length (20+ cm). 	 These 
generally parallel and post*date the flute marks. The small, 
excavated worm burrows found at the same locality consist of short, 
cylindrical (2t'4 mm dia. x 2.5+ cm length) pipes of fine sediment, 
concentrated in local clusters and aligned parallel or transverse to 
the inferred direction of flow (an alignment of minimum resistance to 
the flow). 
3.5 Inclusions  
In both proximal and distal areas -riirrup clasts' of siltstone, 
mudstone or hemipelagite are found. 
Proximally at Assino Creek (fig. 3.1, loc. 21) the clasts are 
large (up to 1.7 m dia.), 	 sub,-spheroidal and found in the Bouma A or 
base of the Bouma B unit (Plate 3.5). 
?7 
Plate 3.5 Large, sub—spheriodal mudstone, siltstone and hemipelagite 
'ripTup clasts' in the base of Contessa, Assino Creek (loc. 21). 
In more distal areas the clasts occur in the Bouma B units, 
frequently some centimetres above the base (Plate 3.6). Typical forms 
are platelike with the longeaxis parallel to the flow direction and 
the a-b plane parallel of the plane of the plane parallel laminae in 
the Bouma B unit. No imbrication of clasts was observed. 
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fig. 3.5 Depth (thickness), width, length and depth/length ratio vs 
distance down basin for Contessa bed inclusions. 
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The change from large, 	 sub—spheroidal to flat, 	 platelike 
inclusions from proximal to distal environs can be demonstrated by the 
analysis of the clast parameters (width, 	 length, 	 thickness; 
fig. 3.5). It is noticed the size parameters decay in a log•linear 
mode with significant correlation coefficient values of -,0.55 to 
TO.76. 
Plate 3.6 Mudstone 'riirrup clasts' lying parallel to bedding, above 
the base of Contessa, San Martino (loc. 7). 
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3.6 The Bouma C Unit 
'C' units are defined by the presence of ripple (Bouma, 1962) or 
dune 	 cross stratification (Allen, 1970a). 	 Simons (et. al., 1961) 
define the term 'ripple' as a small scale bed roughness of 2/7 cm 
amplitude. Dunes are similar structures with amplitudes exceeding 
7 cm. Bouma C units within the Contessa bed are typified by the 
crosststratification sequence demonstrated in fig. 3.6. 
t- 30 
Bouma D 
 
Upper sinusoidal lamination 
Trough crossbedding 
at...ad/2r 
Climbing ripple lamination 
Lower sinusoidal lamination 
Bouma C 
Bouma B 
 
fig. 3.6 Composite cross stratification sequence developed in Contessa 
Bouma C units. 
The base of the units is marked by a 'pinch and swell' thickening 
of the uppermost Bouma B laminae (similar to the sinusoidal 'wavy 
laminae' described in 3.3). These develop into the troughs and crests 
of sinusoidal ripples which grow vertically and become asymmetric in 
the direction of current flow (Plate 3.7). Preservation of the stoss 
and lee slopes with low face angles is normal (stoss 5*11°; 	 lee 
• 
- StITQSTJa  
--• • h.. 
,0!  - 
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8-180). Amplitude (crest to trough height) increases downflow (SE->N4,) 
from 1-2 cm to 9 cm; 	 along with ripple length and wavelength 
(fig.3.9). Downflow increase in flat areas of sand between ripples 
results in crest to crest wavelengths gradually exceeding ripple 
lengths (base of stoss measured horizontally to base of lee slope) 
hinting at particular grainsize starvation in the flow. All the 
correlation coefficients are significant at the 5%, 10% levels. 
Plate 3.7 Sequence of ripple crosststratification developed in a 
Bouma C unit (Coniole, loc. 2). 	 Note the vertical progression from 
lower sinusoidal T> climbing ..r> trough.7> upper sinusoidal ripples. 
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The middle Bouma C units contain trough or climbing ripple 
cross-stratification, occasionally together. Climbing ripple 
cross-stratification (ripple drift) for most locations is poorly 
developed or absent, but if present comprises the 'type B' ripple 
drift of Jopling and Walker (1968). Plate 3.7 indicates a sequence of 
ripple drift where stoss and lee slopes are preserved (slope angles: 
stoss 2.6o; lee up to 80). 	 The angle of climb was 210 with the 
amplitude for individual ripples (2 cm) remaining constant with ripple 
climb. Ripple crests climb from the crests of underlying sinusoidal 
ripples, 	 the wavelength between two climbing sets being 50-55 cm, 
similar to the underlying sinusoidal ripple wavelength. 
The more common development for the middle of Bourns C units is 
cross-lamination. Here the sets of laminae are bounded at the base by 
curved erosion 	 surfaces 	 (McKee 	 and Weir, 1953; 	 Allen, 1953). 
Preservation of lee faces is the norm with average vertical heights of 
5-10 cm and face angles of 180 or lees. Sometimes inclined laminae 
became oversteepened and slumped. 	 These were then covered by stable, 
lower angle laminae representing a return to more stable bedforms. 
In the top and upper parts of the Bouma C units there is a return 
to sinusoidal ripple formation. 	 This is in finer-grained sediment 
than that composing the lower ripples (fine and very fine grained sand 
compared to medium, coarse-grained sand), 	 though form and growth 
patterns remain similar. Upper sinusoidal ripple parameters are 
closely comparable to those of the lower series; amplitude increases 
downflow (1 to 7 cm), wavelength increases (30 to 55 cm) and length 
33 
decreases (55 to 20 cm) [fig. 3.8]. Again both stoss and lee faces 
were preserved with face angles of stoss 6-8° and lee 8-16°. 
Quarrying exposed large surface areas of upper sinusoidal ripples to 
reveal long, slightly sinuous asymmetrical forms (Plate 3.8). 
Plate 3.8 Large expanse of slightly sinuous, 	 asymmetric 	 upper 
sinusoidal ripples at Lamoli (loc. 18). These ripples indicate a flow 
180°  to that of the flutes. 
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On the backs of these ripples are found small scale microTripples 
(Plate 3.9). 	 These consist of laterally discontinuous ripples of 
1T2 mm amplitude and wavelengths of 1T2 cm. The direction of flow 
indicated by these structures is parallel to that indicated by the 
larger upper sinusoidal ripples. 
Plate 3.9 Minor ripple forms on the backs of larger upper sinusoidal 
ripples, Coniole (loc. 1). The apparent divergence of mega—ripples to 
minor ripple crest line orientation in this photograph is a function 
of the large sinusoidal megatripples slightly sinuous crestTline. 
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Analysis of ripple palaeo-current directions reveals that for 
lower and middle unit forms the flow was from southeast to northwest 
(fig. 3.9). 	 These would have been influenced by the topography 
inherited from the deposition of the Bouma B unit and from this we can 
see that middle unit ripples consistently show an anti-clockwise 
deviation away from the direction of the lower series, that is off the 
sediment high of the basin margin (fig. 3.9 (the opposite direction to 
Coriolis force]). In the upper series of sinusoidal ripples the flow 
is from the northwest to the southeast, 1800 to the direction derived 
from the flutes and lower ripples (fig. 3.10). In the northwest of 
the basin the complete Bouma C units show reversal while progressively 
to the southeast the reversal horizon is found higher in the Roomer C 
unit until in the most proximal Contessa only the very top of the C 
unit is reversed (fig. 3.11). 
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During deposition the upper sinusoidal ripples would have been 
influenced by sediment deposited during the formation of the 
Bouma A,B,C units (fig. 3.10). 
	 This reveals the formation of a 
'basin' structure with sediment highs at the basin margins and in the 
southeast with a complementary central 'low' area running along the 
axis of the basin. 
The reversal horizon itself is represented by a blocky, 
	 poorly 
laminated horizon of some 10-15 cm thick. It is parallel sided and at 
Lamoli (fig. 3.1; loc. 18) [proximal region] it contains many plant 
fragments including a pine cone (Plate 3.11). The unit is overlain by 
reversed sinusoidal ripples. 
t 
Plate 3.10 Fossil pine cone (dark object,centre of picture) in the 
reversal horizon of Contessa at Lamoli (loc. 18). This and other 
plant fragments may represent deposition from a 'still stand' before 
burial by the return flow (see end of chapter discussion). [The 
structure, 	 running vertically down from top right is a function of 
drilling.] 
[For grainsize 'break' across the reversal horizon, see section 
on sediment analysis, 3.9.] 
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The preservation of stoss and lee slopes of ripples and their 
development of asymmetry with climb can be used to deduce some idea of 
the rate of sediment deposition. With known experimental hydrological 
conditions for the transition from upper-plane bed to ripples we need 
only to know angle of climb, 	 sediment size and ripple height to 
calculate the rate of deposition represented by the ripples 
(Allen, 1971c). Deposition rate is calculated by: 
3 
R 	
—K  tan e ci,4. 2 
	 (3.1) 
H 
- where R*  is the rate of deposition (gm cm 2 s-1), E)the angle of  
climb, d
* the sediment diameter (mm), H the ripple height and K a 
bed-load efficiency factor (calculated by Allen to be approximately 
51). The results obtained for Contessa are: 
R*  
At 33.2 km (base) 0.051 mm 1.2 cm 	 15 	 1.31 x 10-1 
At 60 	 km (base) 0.051 	 2.0 	 15 	 7.8 x 10-2 
At 128 	 km (base) 0.025 	 4.0 	 15 	 1.35 x 10-2 
At 232 	 km (top) 	 0.015 	 1.25 	 22 	 3.02 x 10-2 
At 288 	 km (top) 0.0075 	 1.8 	 22 	 7.43 x 10-3 
At 314 	 km (top) 	 0.015 	 3.2 	 22 	 1.18 x 10-2 
Table 3.2 'top' 	 Houma C unit 	 figures 	 are after a reversal 
approximately estimated at or near present day Bologna. 
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The figures indicate a decrease in sedimentation rate from 
southeast to northwest which is continued after reversal from 
northwest to southeast. 	 The figure for 314 km is high because the 
reversed current appears to rework previously deposited sediment. 
With comparison to studies in the turbidites of the Aberystwyth Grits 
(lower Silurian) and the Sandstone, 
	 Marl Group of the Old Red 
Sandstone (Devonian) the rate of sedimentation (R
*) is higher for 
Contessa and indicates a higher rate of deceleration (Allen, 1971; 
Table 3.3). 
d (mm) 	 H (cm) 	 0 	 R, 
Aberystwyth grits 	 6.072-0.19 	 1.9-4.7 	 4-10 	 1.9-3.2x10-3  
(Lower Silurian) 
Sandstone, Marl Group 	 0.11-0.23 	 2.1-5.2 	 3-17 	 2.5-5.7x10-3 
(Devonian, O.R.S.) 
Table 3.3 Comparible sedimentation rates derived from climbing ripples 
(Allen, 1971). 
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3.7 The Bound DE unit 
Maximum Bourns DE sedimentation took place in the centre of the 
basin where up to 12 m of sediment was deposited (fig. 3.12b). This 
is in contrast to the sediment highs of the Bouma A,B,C units found in 
the southeast and basin margins (fig. 3.12a). 	 The Bouma D unit 
comprises a heavily fractured, structureless siltstone grading 
vertically to structureless mudstone (Bouma E). The boundary between 
the two units is never clear and for measurement purposes the unit was 
mapped as a Bouma DE unit. In the northwest the unit begins with a 
. plane-parallel laminated fine sand which thins from 18 cm to 0 cm 
after 30 km to the southwest (fig. 3.12b). Several horizons within 
the sand unit show liquefaction and water escape structures with the 
consequent destruction of the original plane-parallel lamination 
(Plate 3.11). Slightly coarser-grained horizons show the liquefaction 
structures while the bounding upper and lower finer grained layers 
show planar tops and loaded, bulbous bases (Plate 3.11). Up to four 
repetitions of liquefied layers could be detected in the sand unit at 
Cavalmagra (fig. 3.1; loc. 6). 
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fig. 3.12 a) &puma A,B,C combined unit isopachs. 
	 The. basirrt7dike 
structure influences Bouma D sedimentation. 
b) Isopach data for Bouma D unit sedimentation. 
Plate 3.11 Destruction of 	 plane—parallel 	 lamination by sediment 
liquefaction at Cavalmagra (loc. 6). Note the planar tops and loaded 
bases to the finer grained, more cohesive bounding layers. 
Represented here are 3 liquefied units. 
-'43 
3.8 The Hemipelagic unit 
The unit has very variable preservation due to erosion by later 
turbidity currents except for in the extreme southeast of the basin 
where up to 16 cm of sediment is found. The unit comprises a hard, 
white carbonate overlying the grey Bouma D unit within which 
individual foraminifera could be detected with the naked eye. Limited 
work was carried out on this unit because of the variable 
preservation. 
3.9 Sediment analysis 
Composition and grainsize analysis were carried out by the 
techniques outlined in Appendix A. 
Vertical grainsize analysis indicates a rapid decrease in 
grainsize from the base of the bed to the reversal horizon 
(fig. 3.13). A grainsize break occurs in the 'C' horizon followed by 
a more gentle upwards decline in grainsize. 	 The level of the break 
occurs progressively lower in the Bouma C unit from southeast to 
northwest until at 123.6 km it appears in the top of the Bouma B 
unit. This decline of the break mirrors the evidence of the reversed 
ripples and the plot of the structureless reversal horizon 
(fig. 3.11). Vertical grainsize analysis also indicates that the bulk 
of the Contessa bed is dominated by medium grained sand and finer 
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(fig. 3.13). 
Orainsize 
fig. 3.13 Vertical grainsize variation at 3 central basin locations. 
Note the rapid decline of grainsize to the level of the reversal 
horizon, followed by a grainsize break and gentle fining upwards to 
the top of the bed. The reversal horizon as defined by the grainsize 
break is found lower in the Bouma C unit from southeast to northwest. 
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Lateral grainsize variation for individual Bouma units is 
demonstrated in fig. 3.14 (Wentworth size classes). In the base of 
Contessa (Bouma A,B units) a coarse-grained sand is found extending 
from the southeast down the centre of the basin (fig. 3.14a). It is 
flanked to the east along the basin margin by a finer coarse-medium 
grained sand. This sand also flanks the coarse-grained sand to the 
west in the extreme northwest of the basin. In the top of the Bouma B 
unit (fig. 3.14b) the coarse-grained sand grades to a coarse-medium 
grained sand extending northwestwards for 80-90 km before grading into 
a medium-grained.sand. Both of these are bounded to the east by finer 
grained medium-fine grained sand. 	 The top of the Bouma C unit 
(fig. 3.14c) shows a complex pattern of a southeastern medium-fine 
grained sand succeeded to the northwest by a fine grained sand. A 
fine grained sand also occurs in the northwest of the basin where 
between it and the southeasterly fine sand occurs a central zone of 
very fine grained sand. 	 The Bouma D unit as previously described 
begins with fine grained sand at the base in the northwest and grades 
southeast to a siltstone and mudstone. For the whole basin the top of 
the Bouma DE unit is a fine grained, dark grey mudstone. 
Modal composition denotes that Contessa is a calc-arenite 
(Parea & Ricci Lucchi, 1975) with angular, sub-angular and sub-rounded 
mineral and lithic clasts. 	 Intra-basin carbonate mud, 	 silt and 
hemipelagic clasts show rounding to spheroidal or rounded shapes. 
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fig. 3.14 
 Lateral grainsize variation for 3 levels in the Contessa 
turbidite. 
Conies. Position in unit % Coco, 
% Component of 
Plagioclase 
total nos, 
Carbonate 
Rock 
frogs. 
Qtr Orthoclase 
of clots 
carbonate 
Rock 
frogs. 
Rica Organics 
8 km Boon A 31.20 28.12 10.13 7.40 9.85 28.40 1.57 19.45 
(Ion, 	 21) Base El 47.20 41.67 12.12 7.58 11.36 15.91 1.52 9.84 
Top C 46.40 32.84 14.92 9.70 8.21 14.18 2.24 17.91 
D 64.40 19.10 5.62 2.24 0.0 0.0 7.87 65.17 
(100 PM up) 
33.2 km Base A 25.00 23.61 15.20 6.64 15.20 20.00 0.28 18.88 
(loc. 
	 20) Base C 37.40 30.98 21.41 7.68 7.68 11.50 1.59 11.16 
Mid C 32.40 16.94 1.70 2.96 0.0 0.0 8.26 68.04 
Mid D 56.00 25.00 0.0 2.27 0.0 0.0 9.09 63.64 
Top 0 50.00 4.76 0,0 0.24 0.0 0.0 .7.10 87.90 
68.8 km Base B 47.60 42.21 15.51 18.99 15.00 3.03 0.53 4.73 
(Ion. 	 17) (10 cm up) 
Top 0 36.60 30.59 9.16 9.15 15.14 5.36 0.32 30.28 
Top C 78.80 22,29 6.02 8.54 2,04 0.0 6.51 54.60 
Top 0 64.50 8.45 0.0 0.0 0.0 0.0 12.68 76.87 
92.4 	 km 
(loc. 	 11) 
Base B 
Top 6 
33.00 
39,60 
30.21 
36.41 
15.52 
13.91 
17.31 
13.91 
10.45 
13.91 
12.54 
11.26 
0.59 
0.66 
5.30 
7.94 
Top C 39.20 16.45 2.63 3.95 2.63 0.0 7.24 67,10 
Base 0 39.60 20.53 1.98 6.62 1.33 0.0 7.28 62.26 
Top 0 46.40 2.99 0.0 0.75 0.9 0.0 7.46 88.80 
108 km Top 13 44.56 39.73 14.45 15.40 5.61 6.32 3.65 14.84 
(lee. 	 B) (66 cm below) 
Top 13 65.40 35.26 0.50 6.94 9.25 0.0 1.73 46.24 
Base C 50.00 60.40 0.80 9.60 7.60 0.40 1.20 20.00 
(10 cm up) 
Top C 45.80 36.90 2.58 2.95 5.54 1.11 6.64 44.26 
Base D 42.40 24,31 4.85 4.16 1.38 0.0 4.17 61.12 
Base D 72.20 16.55 1.44 5.04 0.0 0.0 14.39 62.58 
(4.0 cm up) 
Top D 77.80 13.51 0.0 0.9 0.0 0.0 16.73 68.86 
123.6 km Base 	 El 25.20 51.87 14.44 9.09 3.74 14,14 5.90 0.54 
(loc. 	 3) B 	 (110 cm up) 65.60 53.63 6.99 16.33 5.63 4.39 1.00 10.04 
Top 13 69.80 49.01 4.78 7.30 8.14 1.99 3.29 25.49 
Base D 86.90 37.09 0.0 4.73 0.0 0.0 5.45 52.73 
Top 8 88.10 15.18 0.0 1.3/ 0.0 0.0 7.06 74.45 
Table 3.4 Modal rock analysis for Contessa bed (basin mid-line 
locations). The percentage of CaCo
3 
includes matrix, carbonate 
rock fragments and organics. 
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Comparison with the composition of northwesterly derived 
turbidites (Table 3.2; Chapter 4, Table 4.1) indicates that Contessa 
is defined by a high calcium carbonate, higher orthoclase, low mica, 
low non7carbonate rock fragment composition. 	 In the northwest 
occasional small garnets in the base of Contessa hint at contamination 
by inclusion of northwesterly derived material (alpine metamorphic 
source). 
Downtbasin changes in composition for the base of Contessa 
reflect the lateral degree of sorting in all the Bouma units 
(fig. 3.15). Mica and to a lesser extent quartz increase while total 
calcium carbonate, orthoclase and plagioclase remain constant or show 
slight fluctuations. Carbonate rock fragments and organic remains 
show definite decrease down-basin with the organics in the proximal 
part being dominated by coarse7grained, broken shell or large 
foraminifera remains and the distal dominated by smaller, 	 more 
complete foraminiferal tests. 	 Non7carbonate rock fragments show an 
increase in the northwest of the basin possibly due to contamination 
by the erosion of northwesterly derived sediments. 
Mica, organic remains and total calcium carbonate at the 
basintaxis exposures all show vertical increase with zeniths in the 
top Bouma D unit 	 (fig. 3.16a,b,c). 	 Elements that decrease are 
feldspars 	 (especially 	 after 	 mid7'C), 	 quartz 	 (after 	 Bouma B 
sedimentation) and rock fragments. 	 Carbonate rock fragments reach 
their zenith in the upper Bouma B or Bouma C units while non..carbonate 
rock fragments peak at lower levels in the Bouma B unit. 
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fig. 3.15 Down basin composition changes in the base of Contessa. 
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3.10 Size and velocity of the Contessa flow 
To calculate flow speed and depth we relate bedform to flow power 
(Bagnold, 1956; 1966). 	 Combining theoretical 	 and experimental 
parameters for bedform and density currents with field data (mean 
grainsize and type of bedform) the calculation of a dimensionless 
shear stress is possible (Allen, 1970a). 
-c 
(a - P2yg d 
	 (3.2) 
where a is the density of the bed material, P2 the flow density, g 
the acceleration due gravity (981 cm/sec2), 75- the bed sheer stress 
and d
* the mean grain diameter (cm). A plane-bed (Bouma B bedform) 
exists when (Allen, 1970a): 
(3.3) 
where e 1 is the critical dimensionless shear stress for a certain 
grainsize to remain in permanent motion. Allen (1970a) took Bagnold's 
(1966) basic equations to show the variation of e1 with grain 
diameter. Quartz density spheres (density 2.65 gm/cm3) in plain water 
(density 1.0 gm/cm3) were used to show that for 	 grains 	 over 
0.25 cm dia. 91 was a constant value 0.260 (revised to 0.338; Allen & 
Leeder, 1980) and for grains below 0.025 cm dia. a value of 0.510 
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(revised to 0.610; Allen & Leeder, 1980). The resulting diagram is 
reproduced and modified in fig. 3.17. 	 A density of 1.0 gm/cm3 at 
normal temperatures and pressures was used because of the uncertainty 
of the density of turbidity currents in nature though in the deep-sea 
plain environment they would have very low densities and therefore 
close to 1.0 gm/cm3. 
Using the product of equation 3.2 critical bed shear stress is 
calculated using (Allen & Leeder, 1980 ): 
	
= 
	
'43.4) 
Combining an estimated flow power (fp) for a particular grainsize 
and bedform (Allen, 1970a; fig. 3.18) with the product of equation 3.4 
an estimate of the flow velocity (U) is gained by: 
U 
	 fp 	 (3.5) 
Using the velocity the current depth is calculated for various 
values of possible flow density: 
2 
( 	 U  
	
D 	 = 	 \ 0.705 
c"..p (3.61 
 
2 
0.610 
I 	 I 	 1.111 
10-p 
	
to' 
Grain diameter (do ) 	 crn 
fig. 3.17 Critical values of dimensionless bed shear stress (81) as a 
function of grain diameter for quartz density spheres in a liquid with 
the density and viscosity of plain water at ordinary temperatures 
(adapted from Allen, 1970; Alien and Leeder, 1980). 
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fig.  3.18 Bedform and internal structure as a function of flow power 
and grain diameter in the case of a current whose power decreases with 
time at a fixed point. 	 The current is assumed to consist of a liquid 
with the density and viscosity of plain water at ordinary temperatures 
(from Allen, 1970). 
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where AT is the difference between the density of the flow and the 
medium (taken as 1.0 gm/cm3), p2 the flow density and 0.705 an 
empirical constant (equivalent to the Chezy C constant) for turbidity 
currents of Reynolds numbers greater than 1200 (Kersey & Hsu, 1976). 
Velocity and depth estimates for the Contessa turbidity current 
are shown in Table 3.3 and indicate possible velocities in the order 
of 	 2.242.64 m/sec (8.06'79.50 km/hr) and current depths between 
8.43.'14.75 m. Velocity appears to gradually decay with southeast to 
northwest flow but in the distal portion of the basin the depth 
increases after decreasing, a function of possible errors in flow 
power estimations, grainsize contamination effects from northwesterly 
derived eroded turbidites or entrainment of fluid from the medium. 
The results from the Contessa flow are conservative estimates based on 
available grainsize and not sediment volume but indicate results of 
orders of magnitude comparible with the 1929 'Grand Banks' turbidity 
current with its estimated velocity up to 70 km/hr and a volume of 
100 km3 (Heezen & Ewing, 1952; 	 Kuenen, 1952; 	 Heezen, 	 Ericson a 
Ewing, 1954; 	 Menard, 1964) [Contessa's estimated volume is 35 km3; 
Ricci Lucchi, 1978]. 
Density 1.15 gm/cm3  
Distance 
down 
basin 
(km) 
Critical 	 Flow Houma 	 Mean bed 
unit 	 grain ties (Est%ate) 	 shear Stress 	 (ergP4:m9„,s .)  (base 	 of) 	 (cm) % 
Flow 
velocity 
(m/s) 
Fdee% 
(e) 
8 A 	 0.200 	 0.9 	 264.87 	 7 x 104  2.64 10.98 
68.6 0.068 	 0.8 	 80.04 	 2 x 104  2.49 9.81 
(10 cm up) 
92.4 0.060 	 0.8 	 70.63 	 1.8 	 x 10' 2.54 10.21 
123.6 0.055 	 0.6 	 64.746 	 1.5 x 10' 2.31 8.43 
Density 1.10 nmicm3  
B A 	 0.200 	 0.9 	 273,69 	 7 x 104  2.55 14.75 
68.8 0.068 	 0.B 	 82.72 	 2 x 10' 2.41 13.10 
(10 cm up) 
92.4 0.060 	 0.8 	 72.98 	 1.B 	 x 10' 2.46 13.72 
123.6 0.055 	 0.8 	 66.90 	 1.5 	 x 	 104  2.24 11.34 
Table 3.5 Flow depth and velocity estimates far the Contessa bed 	 (Basin 
locations) 	 glow power values estimated from Allen 	 (1970), 
critical dimensionless shear stress from Fig. 	 7.47 
axis 
t 50 
3.11 The Contessa turbidity current: a discussion 
Several lines of evidence indicate the Contessa turbidity current 
was derived initially from a southeastern source (northwest thinning 
of Bouma A,B; 	 flute directions; 	 flute size decay; inclusion size 
decay; 	 the lower Bouma C ripple directions; 	 Bouma A,B grainsize 
distribution; composition analysis and postulated flow velocities). 
The occurrence of the Contessa bed in a sequence of thinner beds 
indicates a rare, spectacular event for. the production of the Contessa 
flow. 	 This involved the collapse of some 40".70 km (35 km3 of 
sediment) comprising basin wall or shelf material from an area south 
and southwest of presenti-day Gubbio (fig. 3.1). Tectonic activity 
along marginal faults of the basin would have generated large slump 
masses which slid into the axial region of the basin where the eastern 
basin wall and the presence of the Abruzzi platform to the south would 
have deflected the resultant turbidity current to the northwest along 
the basin axis. Turbidity currents generated from the inclusion of 
water into the front and upper surface of slump sheets has been 
demonstrated by Morgenstern (1967) and Kelts and Hsu (1980) and 
turbidite axial flow deflection down narrow sedimentary basins by 
Kuenen (1957), Wood and Smith (1959), Scott (1967), Rupke (1976), Hsu, 
Kelts and Valentine (1980) and Kelts and Hsu (1980). 
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The conetshaped body thinning northwestward and developed in the 
proximal Bouma A and B units is regarded as showing the effects of the 
current spreading out across the basin floor. 	 Rapid dumping of 
sediment occurred before the current reached full basin width and 
deceleration and sedimentation became more gradual. With the current 
reaching full basin width after 40 km the Contessa flow reached some 
form of gradual velocity and sedimentation decay across the flat basin 
plain, for the Bouma unit isopachs show a gradual decline in thickness 
from this point to the northwest. 
The occurrence of coarsertgrained sediment down the axial centre 
of the basin, finer grained sediment at the margins and the evidence 
from Bouma unit isopachs of 'banks of sediment' at the basin margins 
suggests that the current was inhibited by shearing against the basin 
walls during flow and suffered the decreased transport ability and 
consequent dumping of finer grained sediment in marginal sediment 
banks (fig. 3.16; 3.19b). In the centre of the basin the unhindered 
current maintained the coarser sediment transport longer and further 
producing a central coarse, but thin axial central region. Most of 
the finer grained material in the axis of the basin was transported 
downtbasin to be deposited later. 	 A possible sinuous isopach 
development in the distal, 	 northwestern Bouma B unit may hint at 
current meandering as flow velocity began to decay (fig. 3.2b). 
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It is hard to conceive that the Contessa current was the result 
of a single spontaneous slumping event and the presence of 
alternations of coarsetgrained, 	 poorly laminated units with well 
laminated finer grained sediment in the proximal Bouma B unit and the 
downtbasin equivalents of prototsinusoidal Bouma C ripples in the 
distal Bouma B units indicate flow pulsing. The prototripples and the 
finer grained, well laminated proximal units are interpreted as lower 
flow velocity structures before secondary slumps in the source area 
caused a pulse and velocity increase in the flow. Similar pulsing 
phenomena have been recorded in turhidities by Lambert (et 
al.), 1976), Norman and Dickson (1976), Rupke (1976) and Kelts and Hsu 
(1980). 
A flow reversal in the Contessa turbidity current is evidenced by 
the Bouma C ripples with NWt>SE directions in the top of the unit 
(first noted by Parea and Lucchi, 	 1975); their gradual decline into 
the Bouma C unit to the southeast; the grainsize analysis for the 
Bouma C unit; the presence of a fine grained sand at the base of the 
Bouma D unit in the northwest and the pending of the muddy tail of the 
current in the central region of the basin (Ellis, 1980). 
Consequently this reversal in the direction of upper sedimentary 
structures in the Contessa bed may have resulted from: 
a) The triggering of secondary flows along the basin margins by the 
passage of the Contessa current, their movement into the axial region 
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of the basin and their flow through the low velocity tail of the 
Contessa current (down the normal northwest to southeast basin 
palaeoslope). 
b) The simultaneous occurrence of a slightly later current flowing 
from the northwestern source area and through the Contessa current 
tail. 
c) The reverse and backflow of the Contessa flow after gradually 
climbing up the deeptsea fan complexes in the northwest of the basin. 
d) The catastrophic turning of the Contessa flow somewhere along the 
length of the basin by some structure, e.g. an intratbasin fault 
scarp. 
Regarding the postulates the direction of the reversed Bouma C 
ripples 180°  to the direction of the underlying flutes and ripples 
lends itself to the rejection of the action of secondary marginal 
flows triggered by the passage of the main flow (theory a). 	 The 
sediment composition of the reversed structures shows high total 
calcium carbonate, low mica content which is compositionally similar 
to the underlying southeast to northwest derived Bouma units rather 
than the low carbonate, high percentage mica turbidites derived from 
the northwest. This therefore disposes of theories a. and b. 
concerning the simultaneous action of marginal flows or northwesterly 
derived turbidity currents. 
The total length of the basin was 400 km but projection of the 
plot of the reversal horizon plot shows the reversal horizon occurring 
in the Bouma B unit at 130 km, with the flow reversal point a further 
50 km uptbasin. 	 The grainsize break across the horizon in the 
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northwest is small and is only clearly evidenced in the southeast 
where plant fragments have settled out in the top of Bouma C unit 
during a 'still stand'. The amount of sediment contained in the units 
above the reversal far exceeds the volume preserved below, though the 
preserved reversal horizon is only a few centimeters thick and hints 
at very little large scale reworking of the underlying units. 
Therefore the evidence is for the rejection of the gradual climbing of 
the deeptsea fans and backflow (theory c) and the acceptance of the 
catastrophic reversal of the Contessa flow, 
This is further retinforced by the absence of a large Contessa 
type bed in boreholes along the basin to the northwest or Bologna 
(Ricci Lucchi, pers. com.) when 8.6 m of Contessa is preserved at the 
most northwesterly recognized exposure south of. Bologna. 
Calculations for flow velocities (8+9.5 km/hr) and depths of 
11.5 m for the most distal Contessa and the gradual decline of the 
Bouma B isopachs after 40 km flow show that the flow theoretically 
should have travelled the the length of the basin. With postulated 
fan slopes of 13° (Ricci Lucchi, 1981) a retardation of the current 
would have taken time and distance before backflow occurred. At the 
point of reversal the current would have had to theoretically stop and 
dump its sediment load before the backflow, 	 gradual builttup of 
kinetic energy and picked up previously deposited sediment. 	 The, 
distal regions of the preserved Contessa bed show little reworking at 
the reversal horizon with large volumes of sediment above it and only 
a small grainsize break at the reversal horizon (and therefore no long 
distance down—basin sorting of sediment). 
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Accepting the reversal of turbidity currents of 11.5 m depth with 
velocities of 8,9.5 km/hr at a point approximately 50 km after its 
last present exposure requires the postulate that this was done at 
some structure of some 10r20 m height traversing the basin near 
Bologna. 	 The Sillaro tectonic line (fig. 2.2) near Bologna probably 
provided this feature and consisted of a submarine, active, high angle 
faulttscarp or series of scarps across the basin. On collision with 
the faultrscarp the Contessa flow would have risen vertically turning 
kinetic energy to potential before falling back through itself to 
regain kinetic energy and maintain sediment suspension at a level of 
turbulence just below the level before scarp contact (so maintaining 
the deposition of seemingly continuous, but reversed fining upwards 
Bouma C unit; see fig. 3.19a). Studies of wind currents hitting cliff 
lines show similar features with the production of vertically rising 
vortices and the separation of smaller flows which continue over the 
- cliff top close to the ground inland (Scorer, 1978). 	 The lack of 
recognition of the Contessa bed in boreholes is explained if only a 
small part of the Contessa flow continued over the fault.scarp to 
produce a thin, difficult to detect (except by compositional analysis) 
turbidite. 
The length of time for the Contessa flow to reach the faultrscarp 
from the Gubbio area at velocities between 8,9.5 km/hr would be 18 to 
22 hours. Kuenen (1967) states that turbidites probably deposit most 
of their sand grainsizes in the first few hours so, the length of time 
to travel the basin, and the approximate equal volume of sand above 
the reversal horizon indicate the rapid turning of the flow close to 
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present day Bologna. 
After the reversal and the deposition of the Bouma C unit the 
muddy tail of the Contessa current was trapped in a Bouma A,B,C basin 
which led to the ponding of the tail and the consequent maximum 
thickness development of the Houma DB unit in the centre of the 
basin. 	 Similar ponding effects have been recorded from present day 
marine basins and rock record by Johnson (1966), Ryan (et al., 1965), 
Van Andel and Komar (in rebounding Atlantic turbidites, 1969), 
Bartolini (et al., 1972), Payne (et al., 1972), Rupke (1976), Bennetts 
and Pilkey (1976), Hoyt and Fox (1977), Ricci Lucchi (1978) and Ricci 
Lucchi and Valmori (1980). 
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Chapter Four  
Description of turbidites D.21, D.38 and D.41  
4.1 Introduction 
Definition of sediment types and sedimentary structures in 
chapters two and three are continued for this chapter. The low 
calcium carbonate, high mica content of the northwesterly derived 
turbidites compared to the high carbonate, low mica content Contessa 
bed has produced exposures of variable quality. This results in the 
impossibility of carrying out certain detailed studies on the 
northwesterly derived turbidites. 
4.2 Bouma B units  
All three beds demonstrate elongate lobe forms for their Bouma B 
divisions with the maximum unit thickness developing some tens of 
kilometres downflow to the southeast (figs. 4.1 a,b,c). The unit in 
bed D.21 achieves its maximum thickness (72 cm) after 40 km, in D.38 
after 50 km (84 cm) and in D.41 after 45 km (92 cm). At about 60 km 
downbasin all three turbidites show a relatively rapid thinning before 
continuing a more gradual thinning downbasin. This point of marked 
thinning apporximates to the fan fringes of the northwesterly derived 
deeptsea fans (Ricci. Lucchi, 1975a; see also Chapter two). The lobate 
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shape of the units also results from a lateral thinning of the units 
at the basin margins. 
The units are normaltgraded from coarselmedium grained sands 
(0.590.42 mm) at the base in proximal exposures and finertgrained 
sands at the base of more distal locations. 
	 Laminae picked out by 
weathering varied from 1.210.7 mm thick in the unit bases up to 0.1 mm 
in the tops. 
4.3 Sole markings 
Flute marks indicating a nortwest to southeast flow dominate all 
three beds with minor structures comprising groove, 
	 tool and bounce 
marks (figs 4.2 a,b,c). Flute directions•for all three flows deviate 
up to 15° 
 around the mean direction at all localities. The number of 
flutes at particular locations downbasin varied erratically with no 
clear pattern of decrease in numbers (Table 4.1). 
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Fig. 4.2a top: 	 Mean flute directions for bed D.21 (arrow is mean 
direction of up to 10 readings); 
bottom: Mean palaeocurreat directions derived from current 
ripples, base of Bouma C, bed D.21 (arrow is mean direction of up to 
10 readings). 
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Distance 
downbasin 
(km) 
3.2 
D.21 
2 
D.38 
8 
D.41 
10 
5.2 7 7 0 
12.4 4 7 4 
20.8 not exposed grooves 5 
33.2 1 4 5 
36.4 5 8 10 
43.2 6 4 5 
60.0 5 6 4 
95.6 grooves 3 tool, bounce 
marks 
Table 4.1 Numbers of flute casts at basin axis locations for beds 
D.21, D.38 and D.41. 
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Like the Contessa bed the flute types consist of asymmetric and 
symmetric, simple parabolic, symmetric spindletshaped and asymmetric 
corkscrew and twisted forms (Allen, 1971; fig. 3.5). 
Examination of flute parameters (length, 	 depth, width; 
fig. 4.3a,b,c) indicates that for beds D.21, 	 D.41 the downbasin 
sequence is from broad, wide, deep flutes to shorter,shallower and 
narrow flutes (correlation coefficients are significant at the 
5 percent level, 	 except for D.41 length which is significant at the 
10 percent level; 	 see Appendix B'for calculation of regression line 
correlation coefficients and their levels of significance). 
Small parasitic flutes extending in echelon downcurrent from 
large leading flutes are common with concentrations of coarse+grained 
sand (0.,0.6 mm) found in the base of many flutes. Loading of flute 
heads into the underlying mudstone produces abnormally bulbous flutes 
with mud flames rising vertically between flutes when flutes occur in 
abundance. 
4.4 Bouma C units  
The sequence of structures developed in the Bouma C units of 
D.21, D.38 and D.41 closely parallels the vertical sequence of 
structures demonstrated in the Contessa bed (fig. 3.6). 
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Sinusoidal ripples develop at the base of the units in the manner 
described in Chapter Three, that is by the 'pinch and swell' 
thickening of the uppermost Bouma B laminae. Preservation of stoss 
and 	 lee 	 slopes 	 is 	 normal 	 (foreset 	 angles: 	 stoss, 6t12°: 
lee, 10116°)with the ripples becoming asymmetric with vertical growth 
and indicating a northwest to southeast flow. 
In bed D.21 ripple amplitude (height) decreases downflow with 
ripple wavelength increasing while for bed D.38 ripple amplitude and 
wavelength decrease with ripple length increasing initially before 
decreasing. 	 Bed D.41 demonstrates a similar trend with amplitude 
decreasing with ripple length increasing before decreasing 
(fig. 4.4a,b,c). All the trends are significant at the 5 percent 
level except for D.21 ripple length and D.41 ripple wavelength which 
demonstrate no levels of significance. 
The common development for the middle Bouma C unit is trough 
crossrbedding with foreset amplitudes up to 8 cm and lee foreset 
angles of 16° or less. 
Finally, the upper Bouma C units indicate a return to sinusoidal 
ripple formation with lee angles between 11t18°  and stoss angles of 
WI°. Preservation of the uppermost layers is poor due to high mica 
content and the development of convolute bedding and infra-Tturbidite 
mudflows (see Chapter 6). 	 As a result only be D.21 and D.38 show 
significant trends of increasing ripple length along the basin 
(fig. 4.5a,b). 
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Mean palaeocurrent data at the base of Bouma C units reflect the 
influence of the lobate forms developed by Bouma B units. The ripples 
indicate a more varied spread of directions than the flutes, possibly 
caused 	 by 	 the effect of Bouma B,C minor highs combined with 
decelerating flow (fig. 4.la,b,c; fig. 4.2a,b,c). In upper parts of 
the units the ripple directions are influenced by the lobate forms 
developed from the deposition of the Bouma B and most of the Bouma C 
units (fig. 4.1a,b,c; 	 fig. 4.2a,b,c). 	 The upper sinusoidal ripples 
indicate continued flow to the southeast but with wide fluctuations of 
direction caused by current deceleration and Bouma B,C sediment 
highs. 
4.5 Convoluted bedding and slumping 
Sediment disturbances in the upper levels of the Bouma C units of 
beds D.21, D.38 and D.41 comprise convoluted bedding, 	 lenses of 
liquefied sediment and intra7turbidite mudflows. The intraturbidite 
mudflows are described in Chapter Six but the convoluted bedding and 
the liquefied lenses of sediment are described here. 
The convoluted bedding is restricted to the finerTgrained upper 
levels of the Bouma C units and is found on the flanks of the 
Bouma B, C sediment highs, often upTslope of the mudflows. The form 
of the convolution is a deepening of the ripple troughs and the 
accentuation of the ripple crests (Plate 4.1). In some convoluted 
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horizons the accentuation of the ripple crests vertically combined 
with the deepening of the troughs creates a protolball and pillow 
effect where in the rising crests some liquefaction has taken place 
with the resultant loss of laminate structure (Plate 4.2). 
Plate 4.1 Accentuated ripples in bed D.21 (Corniolo,loc. 13b). 
t 	 t 
Plate 4.2 Ball and pillow structure in convoluted ripple lamination in 
bed D.33 at C. Busseto, loc. 20. 	 Note the accentuation of previous 
crest lines resulting in the near breakup of the unit and the 
formation of ball structures interspaced by partially liquefied 
sediment. 
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The final form of Bouma C unit deformation is structureless 
lenstshaped bodies in deformed bedding on the sides of Bouma B, C 
sediment highs (Plate 4.3). These comprise lenses of structureless 
finergrained sediment up to 101.12 cm long and 2t4 cm high surrounded 
by deformed ripples that still exhibit ripple crossr stratification. 
Therefore it appears at certain levels discrete areas have undergone 
liquefaction, the destruction of laminae and resolidification. 
Plate 4.3 Structureless lens of fine grained sand in slumped ripple 
crossrbedding in bed D.38 at Mercatello (loc. 19a). 	 The 	 lens 
represents partial liquefaction of sediment in slumped ripple 
crossTstratification. 
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Fig. 4.7a Lateral grainsize variation for selected Bouma unit levels, 
bed D.21. 
Fig. 4.7b Lateral grainsize variation for selected Bouma unit levels, 
bed D.38. 
Fig. 4.7c Lateral grainsize variation for selected. Bouma unit levels, 
bed D.41. 
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4.6 Bouma DE units 
All three beds show similar patterns of Bouma DE sedimentation 
with the units being thin over Bouma 13, C sediment highs and in 
proximal locations. Maximum sediment thickness occurs at the basin 
margins and in the southeast of the basin (fig. 4.1a,b,c). The units 
are normally.graded from siltstone at the base to mudstone at the top 
with the basal siltstone becoming finer to the southeast. 
4.7 Sediment analysis 
Composition and grainsize analyses were carried out by the 
techniques outlined in Appendix A. 
Poor quality exposures produced sampling problems but vertical 
grainsize analysis for beds D.21, D.41 (basin axis locations) indicate 
a rapid grainsize decrease to the top of the Bouma C division followed 
by a more gradual decrease to the top of the Bouma DE unit 
(fig. 4.6). In the most proximal location (5.2 km) bed D,21 shows a 
more general decrease in grainsize through the complete bed with no 
break at the upper Bouma C junction. The lower parts of the beds 
(Bouma B, C units) are dominated by sand while the upper (Bouma DE) 
parts of the beds show domination of silt and mud. 
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Lateral grainsize variation for individual Bouma units based on 
microscope and field analysis indicates longitudinal and lateral 
grading in the Bouma divisions of beds D.21, 9.38 and D.41 
(figs. 4.7a,b,c; Wentworth size classes). 
Comparison of modal composition for beds D.21, D.38 and D.41 to 
the Contessa bed shows that the northwesterly derived turbidites 
contain higher percentages of mica and quartz and lower percentages of 
organics, calcium carbonate and orthoclase (Table 3.3; Table 4.2). 
The northwesterly derived turbidites contain angular, suboangular and 
subtrounded mineral and lithic clasts with well rounded to spheroidal 
intratbasinal carbonate mud, silt and hemipelagite clasts. 
Downtbasin changes in composition at the base of the beds reflect 
the lateral degree of sorting in all the Bouma units (fig. 4.8; 
fig. 4.9). Mica, 	 organics and total calcium carbonate all show 
downtbasin percentage increases while quartz and orthoclase (D.21) 
show decreases. 	 A variable pattern is demonstrated by carbonate rock 
fragments but plagioclase, nontcarbonate rock fragments (D.41) and 
orthoclase (D.21) show initial percentage increase before decreasing. 
Total calcium carbonate and organics show vertical percentage 
increase with zeniths in the upper Bouma 9 divisions for beds D.21 and 
D.41 (fig. 4.10a,b; fig. 4.11a,b). Elements that decrease vertically 
are feldspars and rock fragments while quartz and mica show increases 
to the top of the Bouma C division before percentage decrease. 
% Component of total nos, of clasts 
Bed 0.21 
Distance 
down 
basin 
(km) 
position 
in 
unit 
% CaCO3  Qta Orthoclase plagioclase 
Carbonate 
Rock 
frogs. 
"°°- 
Rock 
carbonate 
frogs. 
Organics 
5.2 km Base B 25.00 71.97 1.08 7.82 2.69 8.62 7.82 0.0 
(loo. 
	 3) Top B 34.60 75.23 0.61 4.50 4.50 1.65 10.70 2,45 
Top C 40.70 67.31 0.40 4.44 2.51 0.0 24.37 0.77 
33.2 km Dose El 45.0 63.56 2.31 16.35 2.55 8.01 6.69 0.53 
(1.. 10) 
60 km Boom 9 39.00 61.81 1.31 19.34 0.16 7.07 6.85 0.66 
(lcac.17) Hid C 28.80 73.03 0.0 4.21 3.37 4.78 13.76 0.85 
Top C 48.50 39.93 0.0 12.72 2.05 0.69 30.27 13.53 
(15 cm down) 
Been 0 64.40 42.69 0.0 1.13 0.0 0.0 52.81 3.37 
Top D 77.60 15.10 0.0 0.0 0.0 0.0 28.57 56.25 
85.6 km Base B 40.8 53.72 0.38 1.31 2.70 0.0 30.74 11.15 (10,10 
std D3@ 
36.4 km Base B 32.40 70.41 0,88 9.17 3.85 7.42 7.39 0.88 
)1''' 11)  B (32 cm up) 27.20 69.51 1.37 5.77 0.0 13.74 9.34 0.27 
60 km Does B 31.60 74.45 0.58 9.65 2.34 5.26 6.43 0.29 
(10C417) Top B 24.80 76.86 0.27 5.58 1.86 2.12 13.31 0.0 
0 (42 cm up) 77.60 29.47 0.0 0.0 0.0 0.0 41.07 29.46 
5.2 km Base B 36.80 69.94 1.89 10.78 2.85 7.27 7.27 0.0 
(loc. 	 3) 
36.4 km Bose 9 31.40 58.85 2.04 17.78 1.17 15.16 6.70 0.29 
(loc. 11) 
Tap B 41.00 56.27 1.01 11.18 4.74 2.06 22.37 • 2.37 
Top C 49.60 57.55 0.0 7.14 1.59 0.39 23.41 9.92 
Base 0 77.20 33.33 0.0 0.0 0,0 0.0 52.63 14.04 
Top 0 63.20 29.77 0.0 1.19 0.0 0.0 16.66 52.38 
60 km Base B 40.60 62.63 1.68 10.10 5.05 4.04 14.81 1.69 
(loc. 	 17) 
Base C 40.40 61.24 0.39 3.49 10.08 0.77 15.50 8.53 
Base 0 69.80 40.34 0.0 2.65 0.0 0.0 26.49 22.53 
Top 0 77.20 35.09 0.0 0.0 0.0 0.0 19.29 45.62 
95.6 km Bose B 44.20 41.22 0.72 5.38 3.58 0.72 32.6/ 15.77 
(loc. 	 20) 
Table 4.2 Modal rock analysis for beds D.21, D.38, D.41, (basin 
axis locations). The percentage of CaCO3 includes 
matrix, carbonate rock fragments and organics. ('Top 
DI indicates top of Houma DE units). 
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Fig. 4.10a Percentage component decrease in bed 0.21 at 5.2 km (basin 
axis position). 
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4.8 Flow size and velocity values for D.21, D.381  0.41  
Calculation of flow size and velocity using the sequence of 
equations developed in Chapter 3.10 combined with grainsize and 
bedform data from the base of beds D.21, D.38 and D.41 indicate that 
flow velocities and current depths decayed downcurrent (Table 4.3). 
Current velocities for bed D.21 vary between 1.89r1.96 m/s 
(6.877.06 km/hr) for proximal parts of the flow and 0.5870.59 m/s 
(2.0812.12 km/hr) 	 distally at densitis between 	 1.10t1.15 gm/cm. 
Current depths vary between 6.04,8.12 m proximally and 0.56.0.76 m 
distally. 
Bed D.38 shows velocities of 2.54,2.46 m/s (9.1478.85 km/hr) 
proximally and 1.80T1.86 m/s (6.576.69 km/hr) distally for densities 
between 	 1.10t1.15 g/cm. 	 Calculated 	 depths 	 are 	 13.72t10.21 m 
proximally and 5.49r7.37 m distally. 
Finally 	 bed 	 D.41 	 produces 	 velocities 	 of 	 2.5272.61 m/s 
(9.0679.37 km/hr) for the northwest of the basin and 1.12t1.15 m/s 
(4.0314.14 km/hr) 	 for 	 the 	 southeast. 	 Depths 	 vary 	 between 
10.74114.43 m proximally and 2.1072.83 m distally. 
The calculation of these figures ignore the effects of intake of 
water from the medium at the head and upper surface of the flow which 
would result in lower densities and velocities. 
Distance 
down 
basin 
(km) 
Houma 
unit 
(base of) 
Mean 
grain 
size 
(cm) 
Critical 
bed shear 
stress 
(Tcrit) 
Flow 	 Flow 	 Flow 
pow9 	 velocity 	 depth 
(ergs/cm /sec) 	 (m/sec) 	 (m) 
0.21 
5.2 0.026 30.607 6 x 103  1.96 6.04 
33.2 0.025 29.430 5.5 x 103 1.87 5.49 
60 0.0185 21.778 4 x 103 1.83 5.30 
95.6 0.0085 10.006 6 x 102 0.59 0.56 
B.30 
5.2 0.05 58.860 1.5 x 104 2.54 10.21 
36.4 0.032 37.670 B s IP 2.12 7.09 
60 0.026 30.607 6 x 103 1.96 6.04 
95.6 0.025 29.430 5.5 x 103 1.86 5.49 
0.41 
5.2 0.026 30.607 (3 	 x 103 2.61 10.74 
36.4 0.023 27.076 7 x 103 2.58 10.50 
60 0.015 17.658 3 x 103 1.69 4,53 
95.6 0.011 12.949 1.5 	 x 103 1.15 2.10 
Table 4.3 Flow depth and velocity estimates for nosthwesterly derived turbidites 
assuming a current density of 1.15 gm/cm (Basin axis locations) 
glow power values estimated from Allen (1970); critical shear stress 
values from Fig. 7.47 
0.21 
D.38 
D.41 
Distance 
down 
basin 
(km) 
5.2 
33.2 
60 
95.6 
5.2 
36.4 
60 
95.6 
5.2 
36.4 
60 
95.6 
Houma 
unit 
(base of) 
B 
H 
B 
B 
B 
B 
B 
B 
H 
0 
B 
B 
Mean 
grain 
size 
(cm) 
0.026 
0.025 
0.0185 
0.0085 
0.05 
0.032 
0.026 
0.025 
0.026 
0.023 
0.015 
0.011 
Critical 
bed shear 
stress 
(Scrit) 
31.627 
30.411 
22.504 
10.339 
60.022 
38.926 
31.627 
30.411 
31.627 
27.978 
18.246 
13.380 
Flow 
(ergs/cm 
6 x 103 
5.5 x 103 
4 x 103 
6 s 102 
1.5 x 104 
8 x 103 
6 x 103 
5.5 x 103 
8 x 103 
7 x 102 
3 x 103 
1.5 x 103 
Flow 
velocity 
(m/sec) 
1.89 
1.80 
1.77 
0.50 
2.46' 
2.05 
1.89 
1.80 
2.52 
2.50 
1.64 
1.12 
Flow 
depth 
(m) 
8.12 
7.37 
7.12 
0.76 
13.72 
9.52 
8.11 
7.37 
14.43 
14.12 
6.09 
2.83 
Table 4.4 	 Flaw depth and velocity estimates far no5thwesterly derived turbiditea 
assuming a current density of 1.10 gm/cm (Basin axis locations) 
LFlow power values estimated from Allen (1970); critical shear stress 
values from Fig. 7.47 
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Chapter. 
Sedimentary structures of turbidites  
5.1 Introduction 
Bedform studies by Simons and Richardson (1961, 1965) and Simons 
(et. al, 1961, 1965) have resulted in the hydrodynamic interpretation 
of the Bouma sequence [Harms and Fahnstock (1965), Walker 
(1965, 1967), Walton (1967) Allen (1970a)] as a transition from upper 
flow regime bedforms (A,B) to lower flow regime bedforms (C,D). 
5.2 Sole marking 
The most common structures found on the base of beds D.21, 0,38, 
0.41 and the Contessa bed are flute casts; scattered groove, tool and 
bounce marks also occur. 
The preponderance of flutes existing on beds over 15 cm thick 
agrees with bed thickness vs. flutetoccurrence studies conducted by 
Parea (1965); Sestini and Curcio (1965); Ricci Lucchi (1969); Scstini 
(1970) and Pett and Walker (1971). In the studied beds the downflow 
trend is from large, deep, wide flutes to narrower, shallower, shorter 
flutes in Bouma B units. A similar progression has been noted by Pett 
and Walker (1971) in the Cloridorme formation, Canada, where wide, 
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bulbous Bouma A flutes proceeded narrow, pointed nosed shapes downflow 
on Bouma B units. 
Hydrodynamic reasoning and field studies led Allen (1968) and 
Pett and Walker (1971) to try to predict the grainsize forming in 
flutes on the bottom of Bouma A, B and C units. The results from this 
study and the predicted grainsizes are shown in Table 5.1: 
Bouma Allen (1968) 
unit 	 prediction 
(mm) 
A 	 1010.4 
Pett and 
Walker (1971) 
prediction (mm) 
84:0.0625 
Contessa 
lt0.•6 
D.21 D.38 D.41 
B 	 0.41.0.2 430.625 1-0.42 110.1 110.3 0.590.3 
C 	 0.2t0.12 1-0.031 
Table 5.1 Comparison of flute and grainsize in beds D.21, D.38, D.41 
and Contessa with predicted values from Allen (1968) and Pett and 
Walker (1971). 
Analysis of the observed and predicted results shows that for 
Bouma A flutes in Contessa there is good agreement with the results of 
Allen (1968), but for Bouma B flutes the four beds grainsize range 
spans the zone between Pett. and Walker's (1971) upper limit and 
Allen's (1968) lower limit. 
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The number and spacing of flutes can be related to the 
distribution and magnitude of the applied bed shear stress in the head 
of the current (Allen, 1971a). A uniform. distribution of shear stress 
across the bed results in the production of flutes everywhere but the 
development of lobes and tunnels in the head region leads to a 
localization of the applied shear stress. 	 The lobes represent the 
maximum applied stress and the tunnels the least. This produces local 
clusters of flutes under the lobes and areas of flat bed under the 
tunnels. From the evidence of the Contessa and northwesterly derived 
beds, there appears to have been the periodic, random collapse of the 
lobes and tunnels at the heads of the currents and the production of 
areas of many or few flutes all along the basin. 
The initial distribution of isolate flutes may be attributable to 
prior 	 defects 	 in the bed (-defect' theory, 	 Allen, 1971b) or 
geometrical and dynamical properties of the. flow ("passivet.bed" 
theory; Curl, 1959, 1966). In the passive bed theory it is predicted 
that length increases and depth decreases during continuous flow; 
flutes are produced under all conditions and are abundant and 
laterally interfering ("conjugate' of. Allen, 1971b). Under the defect 
theory both length and depth decrease and flute production stops when 
the exerted stress is smaller than the bed erosional threshold 
stress. The spacing of flutes increases downcurrent with flutes being 
conjugate in the initial range when length and depth increase for a 
short while before decreasing. The evidence from this study therefore 
tends to support the bed defect theory (Allen, 1971b) for the 
initiation and downfi.ow evolution of flutes because the flutes of all 
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four beds show decreasing depths and length along flow. Both theories, 
however, deal with constant velocity flows acting with tine on a fixed 
bed and not decelerating flow, which Tay prevent flutes developing in 
large numbers. 
Flutes in M-A exhibit concentrations of coarse grains in the 
heads but rarely along the whole flute base so the production of long, 
thin flutes while the head was protected would seem to be preferred, 
as argued by Pett and Walker (1971, c.f.  Allen, 1968). 
The production of grooves requires an object to be moved across 
the substrate whilst remaining in permanent contact with the bed. The 
rip-up and skating of large silt, mud or hemipelagite clasts along the 
bed surface before being bouyed upwards and disaggregated would 
perform this function. 
5.3 Bouma A Formation 
A Boone A unit in a proximal, axial position is found only in the 
Contessa bed. Detailed study of complete turbidite beds from the rock 
record or modern ocean basins is lacking, but a poorly graded Bouma A 
unit has been recorded in a similar proximal, axial position in a 
Black Shell turbidite (Elmore et. al,  1979). 
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The formation of the Bouma A unit is considered by many authors 
to be the result of a traction carpet existing at the base of the 
turbidity 	 flow 	 (Kuenen, 1966; 	 Middleton, 1967; 	 Walker, 1967; 
Price, 1977; 	 Elmore et al. 1979). 	 Walker (1967) considers the 
traction carpet to exist at high grain concentrations during a high 
flow regime with grairrograin interactions creating grain dispersive 
pressures. Studies by Bagnold (1955), Middleton (1967), Leeder (1979) 
and Allen and Leeder (1980) have shown that when C1  (the static grain 
concentration) exceeds 30%, then turbulence is suppressed at all 
Reynolds numbers and a grain carpet dominated by grain collisions 
results. 	 This has been shown experimentally to exist and deposit 
sediment from just behind the turbidity current head regardless of 
whether the flow is non-decelerating (Middleton, 1966b). 
The Contessa bed Bouma A unit demonstrates normalt,grading and 
grain concentration volumes of slightly less than 30% produces Bouma A 
units with distribution grading after accumulation by layer by layer 
(Middleton, 1967). 
Finally, Walton (1967) suggests that at a break of slope the 
turbidity current would undergo a rapid rate of deceleration so 
producing a structureless, graded bed because no other bedforms would 
be able to form. This reflects well the evidence from the Contessa 
bed where the graded 'A' unit could represent the rapid deceleration 
of the flow in the basin axis after flowing off the basin walls. The 
rapid northwestward thinning of the semi cone shape implies rapid 
spreading and deceleration of the current as the flow moved 
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nothwestwards. 
5.4 Formation of Bourne 13 units 
The velocity distribution in fully turbulent flow may be 
represented by.the Karman-Prandtl equation. 	 The distribution in the 
upper fully turbulent zone is represented by: 
* 
; 
= 5.75 log
10 	 v 
y 
---- 4- 5.5 (5.1) 
and the lower, laminar zone by: 
(5.2) 
where U
* represents the shear velocity, v the kinematic viscosity and 
y the height above the bed. The two are joined by a smooth transition 
curve at a height 	 above the bed. A viscous sublayer thickness y1 
exists whell (Chorley, 1969): 
(5.3) 
yl 
107 
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This sublayer ceases to exist if the mean grain diameter (d*)  
exceeds the theoretical sublayer thickness. 
Bridge (1978) applied the theory of bursts and sweeps in the 
sublayer (Kline et al., 
 1967; 	 Corino and Brodkey, 1969; Offen and 
Kline,, 1975; Wilimarth and Lu, 1972) to the formation of sandy upper 
stage plane-beds. The sediment is concentrated in a heavy fluid layer 
(C1= 10-20% by volume) when sediment moves by rolling, saltation (to a 
height of several grain diameters) and suspension. 
	 With the 
repetition of bursts and sweeps in time, graded laminae are deposited 
in the wake of sweeps directed towards the bed. 
In alternative theories, 
	 Allen (1964), 	 Sanders (1965) and 
Pettijohn (1975) also attribute velocity fluctuations and eddies to 
the production of horizontal lamination, 
	 but propose that laminae 
build-up from grains of hydrodynamically similar character seeking out 
one another to be deposited in 'like seeks like' mode. 
An alternative theory to upper-stage plane-bed formation by 
velocity fluctuation is the downcurrent migration of very low angle 
bedforms (Jopling, 1967; Smith, 1971; McBride et al., 
 1975). However, 
this type of horizontal lamination is restricted to flow depths of 
less than 5 cm, so imposing severe restrictions on its applicability 
to turbidity currents (McBride et al., 1975). 
The upper stage plane-bed is stable if particle densities are 
greater than the enclosing fluid density and grain concentration (C1)  
exceeds 10% (Allen and Leerier, 1980). At concentrations above 10% the 
effect of bed defects is suppressed. 
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Superimposed on small scale sweeps and bursts for the production 
of individual laminae are larger velocity fluctuations, these being 
noted in the Contessa bed. Evidence for flow pulsing was found.in the 
Bouma B unit of the Contessa bed at points along the basin. In the 
proximal parts it comprised. alternations of well laminated 
medium-grained sand with massive, structureless coarse-medium grained 
sand, (see p. 21) whilst in the distal parts by proto-sinusoidal 
ripples overlain by plane-bed laminae. (see p. 22) The deposition of 
finer grained well laminated medium-grained sands and the production 
of proto-sinusoidal ripples represent the deceleration of the current 
- towards 	 the 	 lower 	 flow regime bedforms, 	 while the massive, 
coarser-grained proximal layers and the distal plane-bed laminae 
overlying proto-ripples represent an increase in flow velocity and 
transport ability following a secondary slumping in the source area. 
Similar pulsing events have been recorded from density underflows and 
the rock record by Rupke (1976), Normark and Dickson (1976), 
Lambert et al. (1976) and Kelts and Hsu (1980). 
5.5 Formation and significance of rip-up clasts 
Within the basal zone (Bouma A, B units) of the Contessa bed 
mudstone, 	 siltstone and hemipelagic rip-•up clasts continued to be 
found after 100 km transport. 	 These clasts become smaller and 
progressively higher in the Bouma A and B units downflow. 
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This is in general agreement with rip-up clasts in outer fan 
sequences that are consistently organized with respect to Bouma 
divisions and generally uniform in size (Wood and Smith, 1959; Ricci 
Lucchi, 1965; Marschalko, 1970; van Vliet, 1978; Mutti et al. 1978; 
Mutti and Nilsen, 1981). Generally the a-b plane and the long axis 
are orientated with respect to stratification and this is 
demonstratable in the Contessa bed. 
The genesis of the clasts involves firstly their rip-up from the 
underlying substrate or bigger scours and channels upstream by one of 
the processes described earlier in the formation of flutes. Following 
this they are incorporated in the basal, denser, sand-rich portion of 
the current before bouyant upward movement and progressive 
disaggregation. Those clasts not totally disaggregated accumulate at 
the top of the Bouma B unit which represents the final deposition of 
sediment from a high density flow. Clasts may be trapped within 
Bouma A and B units by rapid deposition of sediment at any stage 
between erosion, 	 upward movement and progressive disaggregation. 
Hence a rapidly deposited proximal Bouma A division will contain 
clasts at all heights, but distal Bouma B units have small flakes only 
in their uppermost levels. 
t 77 t 
5.6 Bouma C unit formation 
The formation of a crosststratified Bouma C unit overlying a 
Bouma B unit represents the onset of the lower flow regime. Upper 
stage planetbed to ripple or dune bedform occurs when C1 (the grain 
concentration in the flow) falls below 10% and the dimensionless shear 
stress below the critical values Shown in fig. 3.17 and fig. 7.4 
(Allen and Leader, 1980; Bridge, 1981). At values below these levels 
the defects in the upper stage plane4beds are no longer suppressed, 
and the development of separated flows with erosion at reattachment 
points and deposition downflow. Gradual accentuation of the points 
generates ripples or dunes from upper stage plane beds (Allen and 
Leeder, 1980). 
The criterion determining the formation of dunes or ripples from 
a planetbed is defined by the grain Reynolds number: 
*  
Reg  U d 	 (5.4) 
V 
where U* is bed shear velocity, d* the mean grain diameter and v the 
kinimatic viscosity. Dunes form at grain Reynolds numbers (Reg) of 
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11.5 and above, and ripples below this value (Allen and Leeder, 1980; 
see fig. 7.4). 
The sequence of structures generally developed in the turbidites 
of this study comprise a vertical progression from lower sinusoidal 
ripples to climbing ripples and (or) trough cross-tbedding to finally 
upper sinusoidal ripples. Similar sequences have been recorded from a 
Pleistocene glacial lake deposit (Jopling and Walker, 1968) and a 
fluvial 	 flood.vlain (Nansen, 1980). 	 Both these sequences 	 were 
developed from unidirectional flows, but attributed to flow velocity 
fluctuations and interplays of traction and suspended sediment 
deposition rates. 
Sinusoidal ripples have been produced experimentally by Jopling 
(1960) and Banerjee (1977) using very fine silty sand (median diameter 
0.063 mm) at flow velocities of 10 cm/sec. The ripples developed at 
the base of the Bouma C units in this study were in coarser sands so 
the generating flow velocities were probably a little higher. Jopling 
and Walker (1968) say the preservation of stoss and lee faces is due 
to high sedimentation rates and the presence of 30t50% fines that bind 
the ripple surface. The preservation of the sinusoidal ripples at the 
base of the Bouma C units is considered to be due to the dominance of 
sediment fall out over sediment traction combined with some binding 
effects of some trapped carbonate mud now represented as matrix. 
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Climbing ripples are represented by type 'B' ripples of Jopling 
and Walker (1968) and represent the interplay of rapid rates of 
sedimentation and sediment traction where traction has played a 
greater role than in the formation of the lower sinusoidal ripples 
(Jopling and Walker, 1968; Allen, 1971c,d). Time for formation may 
take from several to tens of hours, 	 and may involve sedimentation 
rates in the order of 10-2-10-3 gm cm-2 s-1 (Allen, 1971c,d). Greater 
rates than this have been calculated for the Contessa bed (as 
expressed by high angles of ripple climb and preservation of stoss and 
lee faces; see Chapter 3.6) but this can be related to sediment supply 
and velocity decay. The angle of climb expresses the ratio of 
sediment deposition rate normal to the generalized bed. 	 Since this 
depends on mean flow velocity and bed shear stress, the angle of climb 
expresses the change of these properties with respect to time and (or) 
distance in comparison to the absolute magnitude of the properties 
(Allen, 1970b). This may be seen in stoss and lee laminae growth fox 
high sedimentation rates which favour the thickening of the stoss 
slopes relative to the lee slopes due to the suppression of bedload 
traction and greinsize sorting and the consequent development of high 
angles of climb (Walker, 1969; Allen, 1970b). 
The development of trough cross-bedding represents the dominance 
of erosion and bedload traction over sediment fallout. Their 
occurrence in the middle of a sequence dominated by high sediment 
fallout rates may at first seem paradoxical, but the lower sinusoidal 
and ripple drift forms owe their preservation to high sedimentation 
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rates. The trough crosststratification represents the final phase in 
the trend from sediment fallout dominance to bedload traction during 
decelerating flow. 	 The upper sinusoidal ripples represent the 
sedimentation of finer/ grained sediment which binds the ripple surface 
and produces ripple forms similar to the forms due to high sediment 
fallout in the lower sequence. 
The growth or decline of ripple or dune parameters (amplitude, 
length and wavelength) at specific levels in the downflow turbidite 
Bouma C units can be related to sediment supply, 
	 current velocity 
decay and sedimentation rate. The changes in ripple or dune 
parameters downbasin for specific levels in the Bouma C units are 
reproduced in Table 5.2: 
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Bed Amplitude 	 Length Wavelength 
Bourns C base 
Contessa 	 I 	 I 	 I 
D.21 	 D 	 I 	 I 
D.38. 	 D 	 I then. D 	 D 
D.41 	 D 	 I then D 	 I 
Bouma C top 
Contessa 	 I 	 D 	 I 
D.21 	 not signif 	 I 	 not signif 
D.38 	 not signif 	 I 	 I 
D.41 	 not signif 	 I 	 not signif 
Table 5.2 Parameter trends for ripples and dunes downflow in beds 
D.21, D.38, D.41 and Contessa. [I = increases, D = decreases, not 
signif = not significant at the 5 or 10% levels.] 
The downbasin changes in ripple and dune parameters show several 
complex trends that are interplays of downbasin sediment sorting and 
the period of action of lower flow regime flow. With lower regime 
conditions acting for longer periods as the flow decays the gradual 
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effect would be to increase ripple heights, lengths and wavelengths in 
the downstream direction. 	 However, 	 gradual sediment sorting and 
increasing lack of specific grainsize availability downflow would tend 
to decrease gradually ripple heights and increase wavelengths. 
Interplays of these effects can be seen operating to differing degrees 
in the four turbidites studied. 	 The initial increase and then 
decrease in ripple lengths for the lower Bouma C units of beds D.38 
and D.41 coincides with the maximum thickness of the unit, hinting at 
the acceleration of the flows during the first 10,20 km before 
deceleration and sediment deposition. 
Convolution of the crossbedded units resulted from the upward 
escape of water through rapidly deposited sediment possessing upward 
decreasing permeabilities (McKee and Goldberg, 1969; 	 Lowe, 1975). 
Similar disturbance structures attributed to rearrangement of 
quicksands have been recorded from the Torridonian by 
Selley et. al, 1963), 	 who note that the anticlinal 	 structures 
represent the points of upward escaping water. These frequently 
display loss of structure in their centre and if carried to extreme 
produce ball and pillow structures comprising distorted laminae 
interspaced by structureless zones. The presence of the convoluted 
laminae on sediment highs or basin margins indicates inherent sediment 
instability on slopes, with convolution axis lying transverse to the 
inferred direction of slope. The grainsize of the convoluted laminae 
(mediumtfine grained sand) has also shown experimentally to be that 
grainsizes to fail most readily under applied stresses (McKee and 
Goldberg, 1969; Ishihara and Li, 1972; Lowe, 1975). This is confirmed 
from earthquake and deep marine studies (Terzaghi, 1956; Seed and 
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Lee, 1966; Shepard and Dill, 1966; Lee and Seed, 1967; Bjerrum, 1971; 
Hendry, 1973; Lowe, 1976). 
5.7 Bouma DE unit formation 
The northwesterly derived turbidites and the ConteSsa bed 
demonstrate a vertical and downbasin grading of Bourne D siltstone to 
mudstone. Silt laminae at the base of the units show sharp bases and 
diffuse tops with thin overlying mud laminae. Towards the top of the 
Bouma DE the units may be composed of homogenous mud or sharp top and 
bottom mud lamine with interspaced very fine, thin silt laminae. 
Transport and deposition of fine-grained sediment by turbidity 
currents is controlled by factors like flow turbulence, 	 bed shear 
stress, sediment concentration and sediment settling velocity 
(Krone, 1972, 1976; 	 Buller, 	 Green 	 and 	 McManus, 1975; 
McCave, 1970, 1972, 1976). 	 Two theories have arisen and comprise an 
adaption of Bridge's (1978) suggestion regarding the bursting process 
in the viscous sublayer (McCave 	 and 	 Swift, 1976; 	 Hesse and 
Chough, 1980) and the selective deposition of sediment due to flow 
induced shear stress near the bed (Stow and Bowen, 1980). 
The evidence from the studied units does not provide clear 
evidence for the total acceptance of either theory. It is possible 
that the diffuse-topped silt laminae in the base of the units derive 
from a burst and sweep process, while the sharp top and bottom thick 
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mud, thin silt laminae of the upper D unit result from the shearing 
process model. 
5.8 Bouma unit  thickness variation  
All beds studies developed elongate lobe forms during the 
deposition of the Bouma A, B and C units and similar lobate forms have 
been recorded from recent deepi,sea sediments and the rock record by 
Meischner (1964), Bornhold and Pilkey (1971), Bartolini et al. (1972), 
Bennetts and Pilkey (1976), Hirayama and Nakajima (1977), Ricci Lucchi 
(1978), Elmore et al. (1979), Crevello and Schlager (1980) and Ricci 
Lucchi and Valmori (1980). Minor variations in the thickness 
decreases downflow of Bouma units has been attributed to local changes 
in basin slope by Enos (1969), Shepard et al. (1969), Parkash (1970) 
and Hoyt and Fox (1977). 
Both the Contessa and the northwesterly derived turbidites 
demonstrate ponding of the turbidity current tail during the 
deposition of the Bouma D division at the basin margins and downflow. 
Similar ponding effects developed in depositional hollows has been 
recorded by Johnson (1966), Ryan et al. (1965), van Andel and Komar 
(1969), Bartolini et al. (1972), Payne et al. (1972), Rupke (1976), 
Bennetts and Pilkey (1976), Hoyt and Fox (1977), Ricci Lucchi (1978) 
and Ricci Lucchi and Valmori (1980). The development of the maximum D 
thickness towards the centre of the unit has been attributed to 
greater current thickness in the centre of the flow and the 
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exponential decay of shear away from the bed causing the thicker 
central flow to be dominated by fine-grained sediment transport 
(Middleton, 1966b; Normark and Dickson, 1976). 
Models for the variation of Bouma unit thickness have been 
proposed by Meischner (1964), Corbett (1972) and Hirayama and Nakajima 
(1977), 	 The models of Meischner (1964) and Hirayama and Nakajima 
(1977) propose thickness increase then decrease downflow with the 
units becoming thicker towards the axis of the bed and the maximum 
thickness of Bouma B unit's developing downbasin after the Bourns A 
units maximum thickness, 	 the C units after the maximum B unit's 
thickness and the D units after the underlying C unit's maximum 
thickness. This would seem to be borne out by the development of the 
Bouma B and C units of beds D.21, 	 D.38 and 0.41. Corbett (1972) 
proposes a similar maximum thickness development for Houma units where 
the whole turbidite thins downbasin. 
5.9 Grainsize variation in turbidites 
Grainsize sorting improves downflow in all the studied beds with 
the proximal parts of the studied beds exhibiting various ranges of 
grainsize and the distal parts showing more homogenous grainsizes and 
rise in the percentage of lighter components (carbonate mud; mica and 
organic tests). The vertical distribution of grain composition 
mirrors the lateral sorting. 	 The vertical decay of the heavier 
components and the rise of lighter, dynamically more bouyant p'articles 
is observable in all the M-A turbidites. 
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The gradual vertical decay in grainsize through turbidite beds is 
the result of reduced competency with gradual deceleration of the flow 
with time. (Walker, 1965, 1967; Walton, 1967). The general decrease 
in grainsize both laterally and downflow demonstrated by Hand and 
Emery (1964), Bennetts and Pilkey (1967), Connolly and Ewing (1967), 
Shiderler et al. (1975) and Elmore et al.  (1979) is due to reduced 
competency. Local variations in this pattern have been attributed to 
local topographic effects on the flows (Hand and Emery, 1964; 
Belderson and Laughton, 1966; Johnson, 1966; Shepard et al. 1969; Hoyt 
and Fox, 1977). 	 Normark and Dickson (1976) have demonstrated that 
turbidity flows in Lake Superior are faster towards the centre and 
Hanner (1971) states that ,this effect causes the transport and 
deposition of coarser sediment in the flow centre. It is precisely 
this latter effect that is noticed in several of the turbidites 
studied. 
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Chapter Six  
Syndepositional, intra*turbidite mudflows  
6.1 Introduction 
The Contessa, D.38 and D.41 turbidites exhibit intra*bed mudflows 
at limited locations within the basin. 	 The mudflows occur at the 
Bouma CtD interfaces and can be separated into two distinct types: the 
Contessa mudflow with a high proportion of clasts and non*erosive base 
and the erosive, clast*poor, flows of beds D.38 and D.41. 
6.2 Description of the Contessa intratbed mudflow 
The Contessa mudflow is of very limited extent being confined to 
one of two exposures at Mercatello (loc. 19.a; 19.b fig.2.1 ) in the 
southeast of the basin in an area dominated by basin!-plain 
sedimentation. 	 At Mercatello Contessa thins from a mid*basin total 
thickness of 17.48 m to 7.52 m in a distance of 1.4 km, the mudflow 
being confined to the location of the thicker midtbasin exposure 
(loc. 19.b) on the side of a small submarine high (fig.6.la). 
O  19.a 
DE 
mudflow-- t> 
Pre Contessa 
sediments/ 
// /// / 
to 	 1.4 km 1%1 
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2 
m 
1 
fig. 6.1 a) Thickness variation and mudflow location in the Contessa 
bed, Mercatello (loc. 19). 
b) Percentage number of clast long-axis (a4axis) 
orientations in 100 units for the Contessa mudflow. 
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The flow is 28,32 cm thick and rests conformably on 1.74 m of 
ripple crosstlaminated fine sand (Bouma C). It is overlain by 12.0 m 
of siltstone grading to mudstone (Bouma D) and thin white carbonate 
(Bouma E). 	 The base of the flow is non erosive and does not destroy 
or modify the underlying linear ripple bedforms on the top of the 
Bouma C unit (plate 6.1a). 
The clasts are matrixtsupported (plate 6.1b) with the basal 
8110 cm of the flow matrix containing discontinuous horizontal or 
subthorizontal laminae that die out above. The laminae are picked out 
by the weathering and fracturing of the matrix in the lower part of 
the flow. 
Plate 6.1 Contessa mudflow showing from top to bottom, dark grey 
Bouma D siltstone, massive mudflow with buff weathering clasts and top 
of the undisturbed, rippled Bouma C unit (beneath the hammer handle). 
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The numerous clasts (plate 6.1) are rounded to subtrounded and 
exhibit no size grading through the flow. A Zingg (1935) plot of the 
ratios of the short, intermediate and long axis lengths (fig. 6.2) 
show they are dominated by bladed shapes with lesser numbers of 
discoidal, spherical and rod4shaped clasts. The discoidal and bladed 
clasts show a preferred orientation of the longtaxis parallel to the 
base of the flow. The clasts also show a bimodal distribution in the 
azimuthal direction of their longtaxis (fig. 6.1b), 	 but the 
significance of this is not clear because of the lack of other 
palaeoslope directional evidence. 
The modal analyses (see Appendix 1) of the clasts, matrix and the 
top of the Bouma C division (table 6.1) shows the matrix to be similar 
in composition to the top of the Bouma C division. 
	 The lower 
percentage of matrix calcium carbonate, higher percentage of organic 
fragments and the close similarity of the mean grainsize indicates 
that the matrix originated from the material just above the top of the 
preserved Bouma C unit. 	 The higher percentage of matrix calcium 
carbonate, lower percentage of organic remains and the smaller mean 
grainsize for the clasts indicates an even higher place of origin, 
perhaps the original top Bouma C*0 interface. 
	 The clasts occur 
because the 
Modal 5 composition of rock 
CmCO 
 Qt. Orthoclase Plagioclase 
Calc 
rock 
Frogs. 
non-cerbonato 
rock 
Frog.. 
Mica Organic 
Max 
grain size 
(m) 
Mean 
grainsize 
(mm) 
Booms C 42.40 10.40 2.00 1.60 0.00 0.00 3.20 40.40 0.175 0.082 (Top) 
Mudflow 
matrix 33.20 11.60 2.00 1.20 0.00 0.00 2.00 50.00 0.098 0.083 
Clast 52.80 17.20 2.40 2.40 0.40 0.40 2.00 22.40 0.113 0.075 
Cleat 52.80 9.20 0.80 2.80 0.00 0.00 4.00 30.40 0.135 0.060 
Clast 50.40 8.40 1.00 1.60 0.00 0.00 2.40 36.00 0.225 0.060 
Clast 54.40 15.60 1.20 1.60 0.00 0.60 3.20 23.20 0.150 0.053 
Table 6.1 Modal analysis of clasts, 	 matrix and the top of Bouma C 
unit, Contessa bed, Mercatello (loc. 19a). 
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Fig. 6.2 Zingg plot for clast shapes, Contessa mudflow. (a=long*axis; 
b=intermediate axis; c=short axis) 
greater percentage of matrix calcium carbonate (carbonate mud?) and 
the finer grainsize represent either the ruptured and modified, static 
remains of more cohesive layers near the top of the Bouma C division 
or the foundered remnants of higher layers. The structureless 
internal nature of the clasts provides inconclusive evidence for their 
origin. 
The higher calcium carbonate and low mica percentages of the flow 
as distinct from similar horizons in turbidites derived from the 
northwest (see Chapter 4, table 4.1) indicates the mudflow to be 
composed of material derived from the southeast, like Contessa. 
1.0 
0.66 
Va 
0 
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The upper surface of the flow is planar and is parallel to the 
base, 	 its contact with the overlying Bouma D unit being sharp 
(Plate 6.1). Two examples of c].asts projecting from the top of the 
flow into the overlying Bouma D unit were observed but they did not 
deform the overlying siltstone. 
6.3 Description of the D.38 and D.41 intratbed mudflows  
The mudflows of D.38 and D.41 are of greater geographical extent 
than the Contessa mudflow. They occur at locations in the northeast 
of the basin at Tredozio (loc. 9), Bocconi (loc. 10), Strada san Zeno 
(loc. 12) and Galeata (loc. 17) (See 	 Fig. 	 2.1). 	 Serravallian 
postTContessa palaeogeographic reconstructions (fig. 	 2.4b) for the 
area designate it a fantfringe to basintplain environment (Ricci 
Lucchi, 1975a; 1975b; 1978; Ricci Lucchi and Valmori, 1980). 
The mudflows in D.38 and D.41 occur at the Bouma CTD interface 
(fig. 6.3), as in the Contessa bed. Both mudflows were deposited on 
the flanks of sediment highs, deposited by the turbidity currents 
during the deposition of Bouma A,B,C sand units (figs. 6.4a, 6.5a). 
The D.38 mudflow involves a minimum of 843 km2 of sediment and 
thickens northeastwards from 32 cm to 132 cm down the northwest flank 
of a Bouma A,B,C sediment high (fig. 6.4b). 
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fig. 6.3 Stratigraphy and location of mudflows in turbidites 0.38, 
D.41 with clast longtaxis orientation diagrams. 
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of mudflow D.38. 
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The D.41 mudflow is of smaller extent, 	 involving a minimum of 
506 km2 of sediment and thickens from 37 cm to 108 cm northeastwards, 
again down the northwest flank of a Bouma A,B,C sediment high (fig. 
6.5b). 
Calculations for the gradients of the northeast surfaces of the 
sediment highs indicate palaeoslopes of less than 0.5°. This may have 
been higher, perhaps up to 1°, for the turbidites are located on 
fanTfringe deposits (Ricci Lucchi, 1975a; 1975b; 1978; Ricci Lucchi 
and Valmori, 1980). 
The mudflows are conformable on top of Bouma C ripple 
crosstlaminated sands. The contacts are sharp, planar or slightly 
undulating (plate 6.2a). As the flows thicken northeastwards the base 
of the flows are found progressively lower in the Bouma C units (fig. 
6.3). 	 This represents an increasing amount of remobilization of 
Bouma C units as the flows moved northeastward of the sediment highs. 
Above the base of the D.38 mudflow at Tredozio (loc. 9) (plate 
6.2b), oversteepened and then ripped up 'ripple clasts' are found in 
the flow. Asymmetrical ripple form, composition, and weak 
preservation of ripple crosststratification indicate 'rip.tup' from 
underlying Bouma C material. These are separated from the top of the 
underlying Bouma C unit by 2t4 cm of matrix material. The 'ripped up' 
origin for these clasts can be seen by the steep, angular face of the 
left side of one of the clasts and the clast's position just above the 
base of the flow (plate 6.2b). 
e 	 4,.., 
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Plate 6.3 Base of mudflow D.41 and part of the laminated sand layer 
formed as a rigid plug (top of picture). 
	 Note the lack of clasts in 
lower half of the structureless mudflow. 
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In flow D.41 a disrupted, laminated layer of fine sand is 
observed at Strada s.Zeno (loc. 12) 34 cm above the base of the flow, 
and at Galeata (loc. 15) at 70 cm above the base (fig. 6.3; plate 
6.3). At Strada s.Zeno (loc. 12), this unit is 3 cm thick and lenses 
out over 112 m, 
while at Galeata (loc. 15), it is a maximum of 8 cm thick and lenses 
out over 10115 m. The top of the units is planar while the base 
consists of irregularly bulbous sand (plate 6.4). The units consist 
of very fineTgrained, horizontally laminated sand, while along their 
length the units are penetrated at irregular intervals by irregular 
cylinders filled with matrix material and rare small rounded to 
subtrounded clasts. 
Plate 6.2 Gently undulating base of the D.38 mudflow with ripped-
up "ripple clast" (Tredozio). 
Plate 6.4 Close-up of laminated sand'horizon, bed D.41 (Galeata). 
Note planar top and irregular base to unit. 
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The high mica and low calcium carbonate content of the turbidites 
derived from the northwest (table 4.1) produces a poorquality 
exposure for sampling (plates 6.2a, 6.2b, 6.3, 6.4). As a result only 
field observation of sediment sizes are available for data on the 
composition of matrix and clasts. 
The matrix of the flows is generally coarser than the material 
composing the clasts. 	 At most exposures, it is medium+grained sand 
but at Strada s.Zeno (loc. 12) and Galeata (loc. 15) flow D.41 there 
is a mediumTgrained sand below the discontinuous laminated horizons 
and a silt above. 
The clasts are medium to fineIgrained sand; 	 but in flow D.41 at 
Strada s.Zeno (loc. 12) and Galeata (loc. 15) they consist of medium 
to fine sand below the discontinuous horizons and fine sand above 
them. The number of clasts within the flows is low (plate 6.5), in 
contrast to the Contessa flow. 	 All the clasts are rounded to 
subtrounded and a Zingg (1935) plot of the axis ratios (fig. 	 6.6) 
shows that flow D.38 is dominated by spherical clasts with lesser 
numbers of discoid, bladed and rodtshapes while D.41 is dominated by 
rodirshaped and bladed clasts with lesser numbers of spherical and 
discoid shapes. Discoid, bladed and rodtshaped clasts show 
parallelism of their long'axis to the base of the flows. 
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The orientation of the longvaxis directions show a dominantly 
bimodal distribution (fig. 	 6.3). 	 The orientation of the clasts 
relative to the mudflow isopachs and general mudflow direction of 
movement show the clasts are aligned parallel, 	 slightly oblique or 
normal to the isopachs and flow direction (figs. 6.4b; 6.5b). 
Plate 6.5 Isolated clasts in mudflow D.38, 	 Tredozio. 	 Base of flow 
follows bottom edge of picture. 
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fig. 6.6 Zingg plots for clast shapes, mudflows D.38, D.41 
Distribution of the clasts vertically through the flows indicates 
that in the middle and upper parts of the flows no grading occurs 
(fig. 6.7). In the base of flow D.38 at Bocconi (loc. 10), Galeata 
(loc. 15) and flow D.41 at Tredozio (loc. 9) and Galeata (loc. 15) 
there is above the basal zone of no clasts a zone of inversely graded 
clasts. In D.41 at Strada s.Zeno (loc. 12) and Galeata (loc. 15) the 
clasts are smaller above the laminated sand layers than in the flow 
below. 
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fig 6.7 Clast distribution through the mudflows D.38, D.41. 
Finally, the upper surfaces of the flows are planar, horizontal and 
parallel to the interfaces of the lower Houma unit boundaries. 	 No 
clasts were observed projecting from the upper surfaces of the flows 
into the overlying Houma D divisions. At all locations the flows are 
overlain conformably by a siltstone grading to mudstone (Houma DL), 
and a white carbonate layer (Hemipelagite). 
6.4 Formation of the Contessa, D.38 and D.41 intra-bed mudflows 
A mudflow is defined as a debris flow in which half the mass is 
less than sand size (Gary et al., 1977). 	 A debris flow is defined as 
a sedimentary gravity flow in which clasts of sand, 	 gravel and 
boulders are primarily supported and dispersed through the flow by the 
yield strength of the matrix. (Middleton and Hampton, 1973; Carter, 
1975; Lowe, 1976; and Naylor, 1980). Sedimentary gravity flows with a 
matrix yield strength regardless of whether they carry clasts are 
termed 'slurry flows' by Carter (1975). 
The Contessa D.38 and D.41 intra-bed sedimentary gravity flows 
are regarded to have resulted from the liquefaction, failure and flow 
of medium-fine sands and silts at the Houma C-D interfaces. The 
internal proportion of clasts to matrix define these beds as 
mudflows. 
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The intra-bed mudflows exhibit thin but extensive deposits that 
can be directly related to overburden pressure, matrix yield strength 
and unconsolidation of the sediment. Shallow failure depths may be 
due to low confining pressure, for the greater the confining pressure 
the less chance a sediment has to liquefy and fail (Hendry, 1973). 
Rapidly deposited sediments are characterized by high pore pressures, 
discrete planes of weakness (mud or organic layers), 	 low confining 
pressures, poor packing and low shear strength. If slope and sediment 
type are constant then rapid rates of sediment supply create high pore 
pressures at shallow depths below the changing sediment-water 
interface (Einsele et al., 1974). The shear strength of the sediment 
is determined partly by the overburden pressure, but rapid rates of 
sedimentation mean the sediment shear strength cannot keep pace with 
the vertical growth of the sediment-water interface and sediment 
instability results at shallow depths. 	 This instability may be 
increased by rising water from below creating futher excess pore 
pressure, 	 especially when confined by decreasing permeabilities such 
as those generated by Houma D silts and clays overlying Houma C sands 
(Lowe, 1975). 
Internal sedimentary structures within the mudflows can be linked 
to the distribution of shear forces and material yield-strengths 
existing throughout the flows. Debris flows and mudflows move in a 
viscous, modified Bingham plastic state (Johnson, 1970; Fisher, 1971; 
Enos, 1977) with high densities in excess of 1.2 gm/cm-3 (Sharp and 
Nobles, 1953; Curry, 1966; Hampton, 1972; Carter, 1975). The internal 
shear stress (mint.) must overcome a matrix cohesion and opposing 
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internal resistances within the sediment (comprising a matrix cohesion 
and a viscous term) to initiate and maintain movement. Johnson 
(1970), 	 Middleton and Hampton (1973) and Naylor (1980) define this 
relationship as: 
r int 	 C 	 do tane +11E 
	 (6.1) 
where C is the matrix cohesion, 6/1  the internal normal stress, 8 the 
angle of internal friction, i the viscosity and ( the rate of shear 
strain "(velocity gradient). Sincere tan 6 is constant on a given 
slope: 
Tint ' 
	 (6.2) 
where K is the yield strength. A feature of equation 6.1 is that with 
decreasing shear stress away from the flow boundaries a 'rigid plug' 
occurs when -r- 
,soint.< K 	 (Johnson, 1970; Hampton, 1972; Middleton and 
Hampton, 	 1973; 	 Naylor, 	 1980). The relatively undeformed 
discontinuous, laminated sand layers in flow D.41 represent the rigid 
plug. In subaqueous flows plugs occur internally within the flow due 
to the significantly large stress imposed on the flow's upper surface 
by overlying water (fig. 6.8). The thickness of the plug varies 
directly with the flow strength; and, inversely with density and slope 
angle (Middleton and Hampton, 1973). 
Water 
Debris flow 
-7 
Rigid plug 
slope,8 
4- 
-tint Velocity 
fig. 6.8 Flow dynamics in debris flows (after Hampton, 1972, 1975; 
Middleton and Hampton, 1973; Naylor, 1980). 
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The lower surfaces of the layers indicate differential loading of 
semi-consolidated material into structureless liquefied material 
below. Loading of the lower plug surface into the underlying sediment 
'after flow solidification is deemed unlikely as this implies further 
instability in the lower sediment after the flow has solidified from 
the base upwards. 	 The cylindrical structures irregularly spaced 
through the layers indicate places where upward escaping fluids broke 
through the plug into the upper flow. 	 The clasts and matrix within 
the holes are coarser material than that composing the laminated 
plugs, the matrix and clasts in the upper flow. This would indicate 
that the interchange of fluid was unidirectional from the base of the 
flow to the top. 	 These water-escape holes resemble the cylindridal 
type B pillars of Lowe (1975). Lowe notes that water-escape 
structures are often associated with cross-bedded units and the upward 
decreasing permeability of normally graded beds; an association of 
features noted with the mudflows. The laminated, cohesive fine sand 
(the 'plug') of mudflow D.41 represents the original lower-stage 
plane-parallel laminated sediment overlying the cross-laminated Bouma 
C unit before partial bed liquefaction and movement as a mudflow. 
Hampton (1975) notes that all debris flows (and therefore 
mudflows) must have a rigid plug. 	 The bi-modal orientation of the 
clast long-axis throughout their random distribution in the flows; and 
the parallel orientation of the bladed, 
	 discoidal and rod-shaped 
clasts to the bedding would seem to contradict a view that a random 
distribution and orientation of clasts might be expected in the plug 
(Padgett et al.,  1977; Shanmugam and Benedict, 1978). The properties 
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of 	 large flat clasts and a pre *movement liquefaction may explain the 
apparent absence of a rigid plug at locations where no laminated 
layers exist. 
The large surface area of the clasts mean the matrix strength 
necessary to support them may have been very low (Hampton, 1975). The 
total shear resistance of the clasts to the flow might have been low 
and therefore the zone of the rigid plug very thin and virtually 
unrecognizable. Low density contrasts between the clasts and matrix 
would enhance a low shear resistance within the flow. The random 
distribution of the clasts could represent pretmovement remnants of 
cohesive layers that have remained, 	 due to variations in relative 
densities, static or risen through a liquefied matrix. The failure of 
these liquefied masses and their transformation into mudflows would 
then round or sub-round the semi*lithified, cohesive clasts and align 
them parallel or transverse to the direction of the flow and parallel 
the bedding. The plug expanding during freezing to the full thickness 
of the flow would inherit the clast alignments and preserve them. 
This liquefaction before failure is termed 'spontaneous liquefaction' 
by Terzaghi (1947). 
Decreasing shear stress away from the base of the flow (fig. 6.8) 
means that the material close to the base undergoes, relative to all 
other flow material, the most intensive shearing. Platy minerals like 
micas are aligned parallel to the dominant directions of shear force 
producing a weak, laterally discontinuous horizontal fabric (Shepard, 
1963; Middleton and Hampton, 1973; Lowe, 1976; Cossey and Ehrlich, 
1978). The discontinuous planar fabric at the base of the Contessa 
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mudflow is interpreted as a shear fabric. 
Within the flows poor and inverse grading of the clasts occurs. 
The thickness of the flows, 	 the low number of clasts, the bimodal 
orientation of the longtaxis in the matrix predisposes the rejection 
of the grading mechanisms by dispersive pressure, kinetic sieving, 
Bernoulli pressure effect, wall effects, tubular pinch effects and the 
Magnum effect (Naylor, 1980, review). To produce inverse grading in 
the base of flows (like Flows D.38, D.41) Naylor suggests that the 
upward decrease of internal shearing in the flow allows the retention 
of large and small clasts high in the flow but a preferential loss of 
large clasts at the base. Dilation effects due to shearing densely 
packed material and the assimilation of rising water from below 
(reduces matrix strength) may combine with shear stress distribution 
to produce inverse grading. 	 Downflow a basal zone of no clasts 
overlain by an inversely graded layer could be expected (Naylor, 
1980), a feature noted in flows D.38 and D.41 (fig. 6.7). 
Above the inversely graded layers the flows exhibit no grading of 
the clasts. Flow D.41 is an exception at Strada s.Zeno (lee. 12) and 
Galeata 	 (loc. 15) 	 where 	 the 	 size 	 of the clasts above the 
discontinuous, 	 laminated layers are smaller, and finer grained than 
those below. Within the units above the laminated layers no internal 
grading occurs. The material composing the mudflows of Contessa, D.38 
and D.41 is mediumtfine grained sands and silts and it is these ranges 
of grainsize that have been shown experimentally (Ishihara and Li, 
1972; Lowe, 1975), by observation of earthquakes (Terzaghi, 1956; Seed 
and Lee, 1966; Lee and Seed, 1967; Seed, 1968; Ishihara and Li, 1972; 
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Hendry, 1973; Lowe, 1976), and in modern submarine environments 
(Shepard and Dill, 1966; Bjerrum, 1971) to be the sediment sizes most 
susceptible to liquefy and fail. 
The high percentage of matrix calcium carbonate (carbonate mud?) 
in the Contessa and to a lesser extent the D.38 and D.41 flows could 
have provided the liquefied masses with a high yield strength (K). 
Data from experimental flows combined with field observations shows 
that only 2t19% clay need be present in sediments to allow movement as 
debris flows (and mudflows) with a high matrix yield strength. The 
clays reduce sediment fall velocities (Morgenstern, 1967) and maintain 
and extend the period of excess pore pressure and flow movement due to 
reduction of flow permeability (Pearson, 1981). 
The preservation of semitlithified or delicate clasts, 	 the 
matrixtsupport of randomly distributed clasts and the orientation of 
many clasts parallel to the bedding is seen as definitive of laminar 
and not turbulent flow (Fisher, 1971; Hampton, 1972, 1975; Middleton 
and Hampton, 1973; Einsele et al., 1974; Lowe, 1976; Enos, 1977; 
Padgett et al., 1977; Shanmugam and Benedict, 1978; Naylor, 1980). 
Laminar flow is also indicated by the lack of erosion at the base of 
the flows and the consequent lack of basal structures (Johnson, 1970; 
Fisher, 1971; Hampton, 1972; Middleton and Hampton, 1973; Carter, 
1975; Enos, 1977; Shanmugam and Benedict, 1978; Swarbrick and Naylor, 
1980). The preservation of ripple bedforms directly below the 
Contessa flow is a clear indication of this. 	 The resistance of the 
ripples to erosion due to clay binding of their surfaces may also have 
inhibited the ability of the flow to erode (Peat and Walker, 1971; see 
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Chapter 5). 
The limited number of beds containing mudflows in the forty-one 
turbidites overlying Contessa indicates that inherent instabilities in 
rapidly deposited sediment were not the only cause for liquefaction 
and failure. 	 Therefore the Contessa D.38 and D.41 mudflows may have 
been triggered by the cyclic stresses generated by infrequent 
earthquakes along active syn-tectonic faults on unconsolidated, 
rapidly deposited, unstable sediment. The earthquakes may have been 
secondary shocks to the quakes that generated the initial turbidity 
currents. Evidence from the sediments infilling the Miocene Apennine 
basins shows that active movement along syn-tectonic faults did occur 
(Ricci Lucchi, 1975a; Ricci Lucchi and Valmori, 1980). 
After failure the flows moved off over very low slopes varying 
between 0.5-1.00. (Slops values calculated from change in Bourne unit 
thickness with distance in the area beneath the mudflows.) Slope 
values for subaerial flows may vary between 1-6°  (Sharp and Nobles, 
1953; Curry, 1966; Rodine et al., 1976; Pierson, 1980) while for less 
well documented submarine flows Bjerrum (1971) records values of 1-4° 
 
in Orkdalfjord, 	 Norway and Embley (1976) less than 10  west of the 
Canary Islands. 
The conclusion is that sediment from the top of Bouma C units and 
a few centimetres of Bouma D silts were liquefied by a combination of 
earthquake shock and inherent sediment instability. 
	 This produced a 
liquefied matrix with semi-lithified, cohesive clasts which moved off 
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sediment highs and low slopes as mudflows. Rounding, sub-rounding and 
rotation of the clasts took place before the flows solidified. During 
solidification debris flows and mudflows freeze from the base upwards 
'as fluid is lost through their upper surfaces Lowe (1976) suggests 
that coarse-medium .sands may solidify after only a few metres of 
movement while fine sands in e kilometre or less. Rodine et al.  
(1976) indicate that if there is incomplete liquefaction, the 
sedimentary flow has increased internal shear strength and therefore 
lower rates and amounts of movement. The large areal extent of the 
mudflows denotes widespread liquefaction but limited degrees of 
movement. 
	
The amount of movement downslope is not considered 
extensive, due to the observed rapid freeze rates in modern mudflows 
of only a few minutes (Morgenstern, 1967; Hendry, 1973; Cossey and 
Ehrlich, 1978), but sufficient to orientate clasts of similar density 
to the matrix. After the cessation of movement normal 8ouma DE 
sedimentation continued. 
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Chapter Seven 
Computer simulation of tuxbidites 
7.1 Introduction 
A turbidite is the result of deposition from a density flow as 
velocity decays. Vertical and lateral changes in grain-size and the 
proportions of Bouma units occur during flow deceleration and 
sedimentation. A simulation program modelling the envisioned current 
history at a point is produced to provide theoretical predictions of 
grainsize and Douma-unit ratios for comparison with field results. It 
is summarized in fig. 7.1. 
7.2 Velocity decay 
A guide to the flow decay at a particular point can be gauged 
from plotting the grainsize at particular Douala unit boundaries on a 
flow power, 	 grainsize, 	 bedrorm diagram 	 (see Allen, 1970a; 
figs. 7.2a,b,c). 	 The diagrams show a curvilinear plot representing 
flow power decay through the upper plane-bed and ripple field, to the 
the lower plane-bed field (Bouma D). This type of decay curve can be 
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where 	 is the shear volocity at the bed surface after Time (t), 
u
*init the initial shear velocity as the current passes over the bed 
and n a decay rate constant of value 2-25. The larger the value of n 
the faster the rate of shear velocity decay and the steeper the curve 
(fig. 7.2). Time (t) is a dimensionless time period. 
— 109 — 
0 
• 
Time (t) 
fig. 7.3 Effect of the constant n and different Uki„iL on the rate of 
shear velocity decay. Note the higher the value of n, the faster the 
rate of decay. 
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7.3 Grain-sizes, deposition 
In the model the grain size deposited is dependent on the shear 
velocity developed at the bed surface. The maximum grain size 
available for deposition is 0.1 cm dia.; the smallest, 0.001 cm die. 
Once a grainsize is deposited it is assumed that it is no longer 
available for deposition in later time periods. The maximum deposited 
grain size per time period is defined as the largest grainsize 
deposited between the shear velocity values of two consecutive time 
periods It(x); t(x+1))• Mean grain sizes are defined in a similar 
time period by dividing combined maximum grain sizes for two 
consecutive periods (t
x; tx-1) by two. 
The grainsize deposited at a particular shear velocity is 
determined by (Middleton, 1976): 
vertical grain settling velocity 
>0.8 
(7.2) 
 
Grains are deposited when vertical settling velocity exceeds the 
bed shear velocity and the particular grainsize can no longer be 
theoretically transported by the flow. 	 The ratio 0.8 allows for 
horizontal movement of the grains during fall through the flow to the 
bed (Middleton, 1976). The vertical settling velocities used in the 
model were for quartz density spheres in plain water (density 1.0 
gm/cm13) and taken from Gibbs, Mathews and Link (1971). 
7.4 Bedforms  
Once deposited grainsizes are determined for a particular time 
period, the mean and maximum grainsizes are evaluated to determine the 
particular bedform produced. This may be a graded, 
	 structureless 
Bouma A bedform, an upper*stage plane/bed (Bouma B), a ripple or dune 
cross/stratified Bouma C unit or a lower stage planetparallel bedform 
(Bouma D). 
Hyrdrodynamically the graded 'A' division is poorly defined but 
may be estimated to form at approximate glow power values in excess of 
30,000 ergs/cm2/sec (Allen, 1970a). 
	 The upper limit for graded 'A' 
unit formation is arbitrarily taken as 250,000 ergs/cm2/sec. Current 
flow power is calculated from the bed shear stress and the flow mean 
velocity by: 
f p = Z U 	 (7.3) 
where 1: is the bed shear stress, U the mean flow velocity. Bed shear 
stress is defined from: 
t 112 t 
U
2
.  )4 
	
(7.4) 
where U* is the bed shear velocity and P2 the current density; 	 and 
mean velocity 1 m above the bed from (Sternberg, 1972): 
U - 	  
100 
100 
where (C100) is a constant (value 0.0507) representing a drag 
coefficient related to shear velocity and mean current velocity 1 m 
above the bed for smooth to slightly rough sand (Sternberg, 1972). 
The lower flow power value to 30,000 ergs/cm2/sec represents the 
transition from a graded bed to an upper stage plane.bed (Bourne B). 
The lower level for the upper stage plane*bed field is defined by the 
critical dimensionless shear stress values as developed by 
(Allen, 1970a; Allen and Leeder, 1980; see also fig.7.4 ): 
"T- e - 	  
	
.(a -P2 )g d g, 	
(7.6) 
where g is the force due to gravity (981 cm/sect) and a the density of 
the grains being deposited (taken as 2.65, the density of quartz) and 
d* the grain diameter (cm). The lower limit for the production of an 
u* 
(7.5) 
1 	 1111111 10 
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1.0 
0.610 
RIPPLES 
GRADED 
DIVISION 
0.338 
DUNES 
(with lower-stage plane 
beds and sandwaves ) 
0.1 
e74;;... ----- 
bed plane 
1 1111111 	 1 1 111111 J___L111111 	 1 111111 0.01 
0.1 	 1.0 
	 10 	 100 	 1000 
Reg =  U d 
fig. 7.4 Shields diagram of dimensionless shear stress (e ) plotted 
against grain Reynolds number (Reg) to show bedform stability fields 
(based on Allen & Leeder, 1980; Miller et al., 1977). 
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upper stage planetbed is a value of 0.338 for grain Reynolds numbers 
in excess of 50 and 0.610 for numbers below 50 (Allen and 
Leeder, 1980). The grain Reynolds number (Reg) is defined by: 
Re 	
U* d 
cd — 	
V 
where d* is the deposited grain diameter (cm) and v the flow kinematic 
viscosity (taken as 0.0177 poise). 	 Fluid kinematic viscosity can be 
effected by the presence of clay in, the flow but in this preliminary 
model this is ignored. The effect of increased kinematic viscosity 
due to clay particles in the flow might be allowed for partly during 
grain deposition by the horizontaltmovement factor in equation 7.2. 
Continued deceleration results in the upperfstage plane‘bed being 
succeeded by dune or ripple bedforms. The production of ripples or 
dunes is determined by the grain Reynolds number where dunes form at 
values in excess of a value of 11.5 and ripples at or below this value 
(Allen and Leeder, 1980; fig. 7.4). 
The transition from dunes or ripples to a lower stage planetbed 
is poorly defined but can be related to critical dimensionless shear 
stress values (equation 7.7; Miller et al.  1977). This is defined as 
a modified Shields curve, but work by McCave and Swift (1976), Stow 
and Bowen (1980) and Hess and Chough (1980) has clouded the limits for 
lower stage planetbed production. The upper limits of the 
dimensionless shear stress for lower-stage planelbed production is 
(7.7) 
= 
- 114 - 
estimated from previous work and equations appropriate to the dotted 
lines chosen and defined at grain Reynolds numbers greater than 20 by 
(fig. 7.4): 
	
-0.33 	 -1.093 
e = (Reg 	 x10 	 ) x 1.66 	 (7.8) 
and for grain Reynolds numbers of 20 or less: 
	
0.125 
	
-1.6858 0= (Reg 
	 x10 	 )x1.66 	 (7 .9)  
7.5 Density decay and depth 
The model produces mean and maximum grainsize data with 
associated bedform for individual time periods until the density of 
the current reaches 1.0507, 	 the density of seawater (Plapp and 
Mitchell, 1960). 	 The model invoking turbidity current theory can 
relate density decay indirectly to shear velocity by: 
P1 
 
(5/6 .705) 2 = 1_ 2 
(7.10) 
Di n it  
where Pi 	 is the density of the medium, D;ALL the initial depth of 
the flow and 0.705 a constant representing a modified Chezy 'C' 
(Kersey and Hsu, 1976). 	 The flow depth for each time period is 
calculated from: 
D = 
(
5 )2 
0.705 
p 
2 
(7.11) 
where AT is the difference between the medium and flow densities. 
However, the flow density (P1 ) at any point in time is related 
to the initial, depth by equation 7.10. This results in the depth (D) 
from equation 7.11 being related to initial depth via the density. 
This problem can only be circumvented if current depth is taken to 
remain constant during current velocity and density decrease. 	 This 
has some support from experimental work which shows that turbidity 
currents on horizontal slopes have upper surfaces that are 
sub—parallel to the bed and decay very slowly by fluid included into 
the head region only (Kersey and Hsu, 1976; Luthi, 1980). 
An example of the program results for a mean grainsize and 
bedform determination from an initial shear velocity, depth and 
density input is shown in table 7.2.Bouma 'DE- formation ceases when 
flow density equals the density of the medium (1.0507 gm/cm-3 ). 
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TIME 	 SHEAR 
UNITS VELOCITY 
	
1 	 18.2497 
	
2 	 16.4506 
	
3 	 14.032 
	
4 	 11.494 
	
5 	 9.16106 
	
6 	 7.17527 
	
7 	 5.55967 
	
8 	 4.28038 
	
9 	 3.28271 
	
10 	 2.5119 
	
11 	 1.91954 
	
12 	 1.46574 
	
13 	 1.11072 
	
14 	 .853633 
	
15 	 .65126 
	
16 	 .49682 
	
17 	 .378984 
	
18 	 .289088 
	
19 	 .220512 
	
20 	 .168201 
	
21 	 .128299 
8 
2.60284 
2.13622 
1.69464 
1.30275 
.971776 
.719571 
.524511 
.374767 
.258942 
.176544 
.123576 
.647123E-01 
.559068E-01 
.375504E-01 
.025827 
.017402 
.011317 
.746268E-02 
.501001E-02 
.344493E-02 
.220475E-02 
Reg 
103.106 
09.2237 
67.3851 
46.7552 
31.0544 
19.8638 
12.5647 
7.96036 
5.19299 
3.40597 
2.36898 
1.40777 
.948068 
.626962 
.404738 
.2666.55 
.181998 
.122495 
.609789E-01 
.522659E-01 
.362427E-01 
DENSITY GRAIN SIZE 
	 BEDFORM 
	
1.15 	 .1 	 A 	 A 	 A 
	
1.32998 	 .096 	 A 	 A 	 A 
	
1.10722 	 .085 	 A 	 A 	 A 
	
1.08796 	 .072 	 A 	 A 	 A 
	
1.07407 	 .06 	 UPB 	 UPB 	 UPB 
	
1.06491 	 .049 	 UPB 	 UPB 	 UPB 
	
1.05919 
	
.04 
	 DUNES 	 DUNES 	 DUNES 
1.05571 .033 RIPFLES RIPPLES RIPPLES 
	
1.05364 	 .028 	 RIPPLES 	 RIPPLES 	 RIPPLES 
1.05242 .024 RIPPLES RIPPLES RIPPLES 
	
1.0517 .02 	 RIPPLES RIPPLES RIPPLES 
	
1.05129 	 .017 
	
DE 	 DE 	 DE 
	
1.05104 	 .015 	 DE 	 DE 	 DE 
	
1.0509 	 .013 	 DE 	 DE 	 DE 
	
1.05082 	 .011 	 DE 	 DE 	 DE 
	
1.05077 
	
.D095 	 DE 	 DE 	 DE • 
	
1.05074 	 .0085 	 DE 	 DE 	 DE 
	
1.05072 	 .0075 	 DE 	 DE 	 DE 
	
1.05071 	 .0065 	 DE 	 DE 	 DE 
	
1.05071 	 .0055 	 DE 	 DE 	 DE 
	
1.0507 
	
.005 	 DE 	 DE 	 DE 
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7.6 Simulation program results 
Given initial depth, 	 density and shear volocity values the 
program produces values for grainsize at different time periods and 
bedform. Thereby it is possible to determine the relative proportions 
of Bouma units. 
Testing the effect, of varying one variable whilst keeping all 
others constant showed that for a fixed initial shear velocity and 
density the varying of the decay sate (n) produced similar relative 
percentages of Bouma units between values of 2 and 30 (fig. 7.5). 
Rapid or slow decay rates produced similar maximum grainsizes at Bouma 
unit boundaries but slow rates of decay produced larger mean 
grainsizes. This was because slow rates of decay produce smaller 
grainsize ranges. per time unit for mean grainsize determinations, 
unlike faster decay rates with larger grainsize ranges (fig. 7.6). 
For particular initial shear velocity and decay values the effect 
of the initial starting density only effects to a small degree the 
percentage of Bouma B to B + C. The percentage of C to C + DE is more 
markedly effected (5-15%; fig. 7.5) because low initial starting 
densities produce higher C to C + DE values compared to high initial 
densities. 
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fig. 7.5 Percentage Bouma unit change for mean and maximum grainsize 
runs produced by varying current decay rate (n) and initial current 
density for, fixed initial shear velocity (18 ems/sec.) 
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fig. 7.7 Variation of Bouma unit ratios 	 for maximum grainsize 
determinations given varying initial shear velocities. Diagrams 
represent results for decay rite values (n) of 6 and 10 and densities 
of 1.2, 1.15 and 1.09 gm/cm . [Note slow decay rates (n=6) favour 
maximum Bouma C .produCtion at,low' initial shear velocities.) 
2 
8 
E LEI01 01 13 •.^013 
	 30 • o 1•101 .1 0 Vanog 
fig. 7.8 Variation of 	 Bouma 	 unit ratio 	 for mean grainsize 
determinations given varying initial shear velocities. Diagrams 
represent results for decay fate values (n) of 6 and 10 and densities 
of 1.2, 1.15 and 1.09 gm/em- 
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Prescribing extreme values of density and rates of decay to a 
fixed intitial shear velocity produces an error factor of up to 15%, 
so suggesting that combined errors produced in the above results do 
not compound but appear to some degree to cancel each other out. 
With input variables tested, experiments were run on current 
densities representing high, medium and low density currents (1.2, 
1.15 and 1.09 gm/cm
-3) for two ranges of velocity decay (n=6 or 10) at 
several initial starting velocities (fig. 7.7, 7.8). Both maximum and 
mean grainsize runs produce similar percentages of B to B + C for 
similar 	 initial shear-velocities (fig. 7.7, 7.8). 	 the 	 maximum 
developed percentage occurs approximately between 10-14 cm/sec at all 
densities with the decay factor little affecting the results. 	 The 
percentage C to C + DE reaches its maximum at approximately 14 cm/sec, 
but percentage decrease is slower than the B to B + C ratio with 
decreasing decay shear velocity. 	 Lower initial rates (n) favour 
higher percentages of C to C + DE in the lower ranges of initial 
starting velocities (fig. 7.7, 7.8). 
Predicted maximum and mean grainsizes for Booms unit boundaries 
are given below (Table 7.1): 
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Maximum grainsizes 
Top A Top B Top C 
Density 1.2 0.058-0.062 0.030-0.036 0.016-0.018 
Density 1.15 0.068-0.064 0.037-0.038 0.016-0.018 
Density 1.09 0.064-0.68 0.032-0.038 0.016-0.018 
Mean grainsizes (cm) 
Top A Top B Top C 
Density 1.2 0.058-0.067 0.029-0.041 0.016-0.019 
Density 1.15 0.058-0.068 0.033-0.041 0.017-0.019 
Density 1.09 0.066-0.07 0.038-0.044 0.016-0.018 
Table  7.2 Predicted yrainsize ranges at specified Houma unit interfaces. 
Upper grainsize values for the top B interface indicate grainsizes where 
dunes rather than ripples will form. 
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Comparisons between predicted grainsize and Bouma unit ratios and 
fieldwork results is 	 shown in Table 7.3 (see also fig. 7.8). 
Approximate values for initial shear velocity and density are drawn by 
comparing the observed MA turbidite Bouma ratios to those predicted by 
the model. (For example bed D.21 at 60 km downbasin shows a Bouma B 
to total B + C percentage of 20% and a Bowie C to C + DE of 15%. 
Examining fig. 7.7 we estimate.from the model results that a density 
1,2 gm/cm-3 and an initial shear velocity of 3-4 cm/sec. 	 might 
produce these ratios.) For proximal areas in the MA turbidities, the 
percentage of B to B + C is a better guide to flow parameter values 
because of possible erosion of the Bouma D by overlying turbidites. 
Distally where complete Bouma. D units are preserved the C to C + DE 
ratio is more useful. 
Simulation runs were carried out with velocity decay curves 
representing an exponential decay with n values between 0.01-0.99: 
= 	 ( t -n ) 	 (7.12) 
These produced very low Bouma unit ratios (B to B + C = max. 20%; C to 
C + DE = max. 	 5%) 	 and therefore were discounted further 
(n=0.01-0.99). 
Model predictions 
D. 	 21 
% Houma 
to )3 + C 
% Bout. 
to C + D 
C 	 Max grainsize (cm) 
Top B 	 Top "C 
Initial 
shear 
velocity 
(cm/sec) 
Densi5y 
(g/cm ) 
Msx grainsize (cm) 
Top B 	 Top C 
3.2 km 53 60 0.029 - 0.021 0.02 - 0.01 le 1.15 - 1.2 0.032 - 0.036 0.016 - 0.018 
60 km 20 15 0.02 - 0.01 0.009 and 3 - 4 1.15*  0.03 - 0.036 0.016 - 0.018 
finer I 
96 km 0 10.5 - 0.009 and 
finer 
2 - 3 1.15 or less - 0.016 - 0.018 
0. 	 38 
3.2 km 48 47 0.041 - 0.03 0.02 - 0.01 le 1.2 or less 0.032 - 0.036 0.016 - 0.018 
60 km 64 16.5 0.041 - 0.03 0.02 - 0.01 le 1.2 or less 0.032 - 0.036 0.016 - 0.018 
96 km 60 7.2 0.041 - 0.03 0.02 - 0.01 2 - 3 1.15 or less 0.032 - 0.036 0.016 - 0.018 
D. 	 41 
3.2 km 50 42 0.041 - 0.03 0.02 - 0.01 le 1.2 or less 0.032 - 0.036 0.016 - 0.018 
60 km 34 16.8 0.029 - 0.021 0.009 end 
finer 
3 - 8 1.15+ 0 032 - 0.036 0.016 - 0.018 
96 km 0 23.5 0.009 and 
finer 
3 - 5 1.15 or less 0.016 - 0.018 
Table 7.3 Comparison of Bouma unit ratios in MA turbidites D.21, 
D.38 and D.41 with estimated flow parameters from the 
simulation model. /see in conjunction with text and 
fig. 7.7/ 
Chapter 8  
Discussion on the validity of the simulation model  
The northwesterly derived turbidites of the Marnoso-Arenacea 
exhibit vertical, lateral and downbasin changes in grainsize and 
relative proportions of the Bouma units. It is demonstrated that the 
percentage thickness of Bouma B to B + C and Bouma C to C + DE 
decreases downbasin from maxima of 60-70% (Fig. 7.9). Similar results 
are recorded for the decrease of the ratio of total sand to total bed 
thickness in MA turbidites (Ricchi Lucchi, 1975a; 	 1978, 	 1981 and 
Ricchi Lucchi and Valmori, 1981). Proximal positions in turbidites 
are defined by high sand ratios and distal (basinplain) parts by low 
sand, high pelite ratios. The pattern is emphasized by erosion of the 
upper levels of the pelite division in proximal locations and the 
downbasin movement of fine-grained sediment in the tail of the 
current. 
The simulation model is produced to relate the relative 
proportions of the Bouma units at localities to the rate of velocity 
decay through known bedform stability fields. 	 It also attempts to 
predict the range of grainsizes found at Bouma unit boundaries as 
observed in the studied turbidites. 
Comparison of theoretical results from the model and field 
observations shows that Bouma ratios of B to B + C and C to C + DE can 
be used to provide estimates for current density and initial shear 
velocity with acceptable limits of error (5-15%) [Table 7.3]. This is 
confirmed by the close prediction of grainsizes by the model and the 
121 
results of the MA turbidites for particular Bouma unit boundaries; 
again some degree of error is acknowledged. 
Rapid rates of deceleration produce similar Bouma unit ratios to 
slow ones. 	 Per unit time, mean grainsizes for slow decay rates are 
larger than high decay rates because the grainsizes included in the 
possible deposited range is smaller. This is in accordance with the 
findings of Kueuen (1965, 1966), Middleton (1967), Walker (1969), 
Allen (1970b) and Banerjee (1977) who state that rapid rates of 
current decay produce poor grain sorting (and therefore a wide 
spectrum of grainsizes) and rapid growth rate of hedforms. 
It appears that the ratio of Bouma units depends less on the rate 
of decay than the initial shear velocity of the current. The shape of 
the curve which prescribes the varying rates of decay (to the first 
derivative) is also important. A sample exponential curve (tested 
under equatiOn 7.12 above) gives unrealistic results. The expression 
used in equation 7.1 may not be ideal but it does appear to yield 
acceptable results. 
Percentage of Bouma units developed at a point show slow rates of 
decay favour the maximum development of Bouma C units at low initial 
shear velocities; this may be analogous to distal parts of a turbidite 
flow. High initial shear velocities produce high percentage Bouma B 
to total B + C ratios and may represent proximal values in a turbidite 
flow. In proximal MA turbidite locations the problem of Bouma DE unit 
erosion and downbasin transport of fine seditent means the ratio of 
Bouma B to B + C is deemed more useful than the C to C + DE ratio for 
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assessment of current decay and possible flow parameter values. The 
model logically appears to predict that higher density, higher initial 
shear velocity and high velocity decay rates are favoured to produce 
the observed Bouma unit ratios in proximal parts of the flow. In 
distal areas lower densities, lower initial shear velocities and slow 
rates of current decay are favoured. 
Firstly, the model uses bedform stability fields produced in pure 
water under controlled equilibrium conditions to predict the 
initiation of particular bedforms in a turbidity current. A turbidity 
current undergoing continuous deceleration produces bedforms in 
disequilibrium with the flow. 	 Particular grainsizes will begin to 
fall to the bed when the vertical fall velocities exceed the shear 
velocity of the flow. The decelerating current results in the grains 
being deposited on the bed at velocities much lower than the original 
depositing velocity, 	 so disequalibrium bedforms result. This is 
deemed to lower the bedform stability boundaries by unknown amounts. 
This affects the possible definitions of Bouma bedform boundaries and 
the consequent calculation of. Bouma unit ratios and grainsizes. 
Secondly, the definition of the transition zone between graded 
Bouma A units and plane-parallel laminated divisions is poorly 
defined. 
The possible effect of clay particles decreasing larger grain 
fall velocities by increasing fluid viscosity is deemed a third 
reason. 	 10% clay in flows does affect sediment settling velocities 
(Kuenen, 1965; Kuenen and Sengupta, 1970; Pett and Walker, 1971). It 
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is supposed the horizontal fall factor (0.8) in equation 7.2 relating 
to grainsize settling velocities and grainsize deposition partially 
allows for this. 
Futher errors could be caused by ignoring sediment volume and 
downbasin movement of fine sediment. Both would serve to alter Booms 
unit ratios downflow though by what amount would be  highly 
speculative. Availability of grains of different size could compound 
this problem for lack of particular grainsizes may suppress particular 
bedform production. The model takes no account of this. 
In conclusion, the simulation model offers reasonable values of 
velocity, density and depth decrease for a turbidity current at a 
point, though with limitations (Table 7.2). It appears to justify the 
choice of the velocity decay curve derived from the observation of 
grainsize and Bouma units in several MA turbidites. Bedform stability 
fields developed from experimental and theoretical sources produce 
promising results for grainsize and the proportion of Bouma units when 
applied to turbidity currents. 
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Appendix A 
Grainsize and modal analysis of rock specimens  
The orientation of elongate mineral grains parallel to the 
inferred direction of current flow is well documented from turbidites 
(Middleton, 1962; 	 Sports, 1964; 	 Middleton, 1967b; 	 Enos, 1969; 
Parkash, 1970; 	 Parkash and Middleton, 1970, 	 Hsu, 	 Kelts 	 and 
Valentine, 1980). From the Cloridorme formation, Canada, it is noted 
that grains are only aligned nonlsignificantly in proximal massive 
units and some grains in the upper'parts of beds may increasingly 
deviate around the mean inferred flow direction (Parkash and 
Middleton, 1970). 	 Therefore rock specimens were 	 collected 	 and 
orientated parallel to the inferred current flow direction before 
cutting and thin section production. With the aid of a petrographic 
microscope and graticule eye piece, 	 the'longtaxis of 100 consecutive 
rock clasts were measured to obtain the mean and maximum grainsizes in 
the specimen. 
The criteria adapted for selecting the main optical petrographic 
and textural classes in the modal analysis of rock specimens is 
adapted from Zuffa (1980). The petrographic framework components can 
be divided into: 
a) Nontcarbonate clasts comprising mono.nineral grains or 
multitcomponent rock fragments. 
b) Carbonate clasts comprising fossils or sediment 
intraclasts. 
Very fine-grained components and voids are considered part of the 
rock matrix and calcite cement possible recrystalized carbonate mud or 
secondary cement. Total calcium carbonate content is defined as the 
total percentage of calcite matrix plus carbonate organic remains plus 
carbonate rock fragments. 
Using the standard point counting method, 
	 1000 consecutive 
mineral identifications of matrix and clasts was determined for each 
rock specimen slide. From this the modal percentage of each rock 
component is determinable. 
i• 3 6- 
Appendix B  
Calculation of regression lines and correlation coefficients 
To study variate sets for relatedness, variate prediction and 
anomolies the 'least squares regression line' was calculated for 
certain data. Generally distance or time was used for the 
'independent variable' (x) and the y4axis for a 'dependent variable'. 
The least squares method can be applied to sets of paired, 
significantly correlated data irrespective of variate spacing. 
Straight lines on graphs may be represented by the general equation: 
y= mx + c 	 (B.1) 
where x and y are variables and m and c constants. The least squares 
method finds the unique combination for m and c for a line such that 
the sum of the squares of residuals is minimized. (The difference 
between actual and predicted values is minimized.) 
If y•values are to be interpolated from given values of x then 
the regression line that minimizes ytresiduals is used ('y on x'). 
For linear relationships (plotted on 'normal' graph paper) this is 
given by: 
m = 
y - 	 x (B. 2) 
(n >(2 (>)2  
4 I 
C= 	 — m7( 	 (B.3) 
where 	 represents the sum of the defined variates and n the number 
of values. 
To indicate the numeric degree of correlation represented between 
the regression line and the data a 'product moment correlation 
coefficient' (r) is used: 
1 	
(Y 	 (x--x.) 
	
(B.4) 
where x,y are mean values and 6 x, by a standard deviation for x and 
y given by: 
x = 
	 ()( — 3() 2  
n 	 (B.5) 
r = 
(y•-• }) 2  
6y 	 f 	 n (B.6) 
WHENg==0 
Upper significance points of r 
--------<4 
 I 
n 
025 	 1 0.10 0.05 	 0.025 0.01 0.005 
3 0.7071 0.9511 0.9877 0.9969 09995 0.9999 
4 0.5000 0.8000 0.9000 0.9500 0.9800 0.9900 
5 0.4040 0.6870 0.8054 0.8783 0.9343 0.9587 
6 0.3473 0.6084 0.7293 0.8114 0.8822 0.9172 
7 0.3091 0.5509 0.6694 0.7545 08329 0.8745 
8 0.2811 0.5067 0.6215 0.7067 0.7887 0.8343 
"9 0.2596 0.4716 0.5822 0.6664 0.7498 0.7977 
10 02423 0.4428 0.5493 0.6319 0.7155 0.7646 
11 0.2281 0.4187 0.5214 0.6021 06851 0.7348 
12 0-2161 0.3981 0.4973 0.5760 0.6581 0.7079 
13 0.2058 0.3802 0.4762 0.5529 0.6339 0.6835 
14 0.1968 0.3646 0.4575 0.5324 0.6120 0.6614 
15 0.1890 0.3507 0.4409 0.5140 0-5923 0.6411 
16 0.1820 0.3383 0.4259 04973 0.5742 0.6226 
17 0.1757 0.3271 0.4124 0.4822 0.5577 0.6055 
18 0.1700 0.3170 0-4000 0.4683 0.5426 0.5897 
19 0.1649 0.3077 0.3887 0.4555 0.5285 0-5751 
20 0.1602 0.2992 0.3783 04438 0.5155 0.5614 
21 0.1558 0.2914 0.3687 0.4329 0.5034 0.5487 
22 0.1518 0-2841 0.3598 0.4227 0.4921 0.5368 
23 0.1481 0.2774 0.3515 0.4132 0.4815 0.5256 
24 0.1447 0.2711 0.3438 0.4044 0.4716 0.5151 
25 0.1415 0.2653 0.3365 0-3961 0.4622 0.5052 
30 0.1281 0.2407 0-3061 0.3610 0.4226 0.4629 
35 0.1179 0.2220 0.2826 0.3338 0.3916 0.4296 
40 0.1098 0-2070 0.2638 0.3120 0.3665 0.4026 
45 0.1032 0.1947 0.2483. 0-2940 0.3457 0.3801 
50 0.0976 0.1843 0.2353 0.2787 0.3281 0.3610 
60 0.0888 0.1678 0.2144 0.2542 0.2997 0.3301 
70 0.0820 0.1550 0.1982 0.2352 0.2776 0.3060 
80 0.0765 0.1448 0.1852 0.2199 0.2597 0.2864 
90 0.0720 0.1364 0.1745 0.2072 0.2449 0.2702 
100 0.0682 0.1292 0.1654 0.1966 0.2324 0.2565 
Table H.1 Significance points for the sample correlation coefficient 
when e = 0 (Uaper significance points of r) /From 
Cooper (1969),/ 
t 5 I- 
A perfect positive correlation (all points on a ascending line) 
is shown by a coefficient value of +1.0 and a perfect negative 
correlation (all points on a descending line) by a value of *1.0. 
Random association of variables is indicated by a coefficient of 0.0. 
The significance of the sample correlation coefficient (r) is 
tested against the population coefficient (e). 	 The common null 
hypothesis tested is Q = 0. 	 We assume that the population 
distribution is bivariate normal and the distribution of r for a given 
sample size is symmetric about zero, with the mean as zero and its 
variance 1/(n ," 1). This tends towards normality as n increases. Six 
significance levels are given in Table B.1 for v(= n"2) for n less 
than 100. The five per cent level is represented by column 0.05, 10 
per cent by 0.10 and the 1 per cent by 0.01. Small samples therefore 
need high values of r to be significant. 
APPENDIX C 
10 rem COMPUTER SIMULATION PROGRAM FOR DEPOSITION OF SEDIMENT 
20 rem FROM A TURBIDITY CURRENT WITH TIME (Maximum Grain Sizes) 
30 rem 1411titittittrittittittittititititittitittitt141114141414iiiiiitit 
40 rem * open data file 
50 rem rmitturtrummttrmittitimittrtitriuttrttWilmtritilt 
60 open "sedgrp.dat" for input as file 7% & 
, access append 
70 rem 114111411414141-111411- iiiiittitilltillittit 144111414141itilliti1414 
80 rem * print headings 
90 rem littittilittittlittittlittititiiiiitilittiiiiititilititit141111411- 
100 print "TIME"," SHEAR","THETA","N","DENSITY","0RAINSIZE","BEDFORM" 
110 print ,"VELOCITY" 
120 print 
130 rem 14111411141t111141t1114114141414111411441411titilititittitttittlrit 
140 rem * read data 
150 rem 14141414ttitittitittritliittittiti1414ititittititIttilli1111411114 
160 dim a(100), vs(100),svel(100),k(100) 
170 rem * read grain sizes into array 
180 i=0 
190 1=1+1 
200 read a(i) 
210 if a(i) >199 then 230 
220 goto 190 
230 last.a =14:1 
240 rem * read settling velocity data 
250 1=0 
260 1=1+1 
270 read vs(i) 
280 if vs(1)>199 then 300 
290 goto 260 
300 last.vs=itl 
310 rem * read max.no of tine periods 
320 read m 
330 rem * read initial shear velocity at tl 
340 read svl 
350 rem * read initial depth of flow at tl 
360 read D 
370 rem * read density of medium 
380 w=1.0507 
390 rem * read force due to gravity 
400 g=981 
410 rem * read slope 
420 's=0.0118 
430 rem * read flow viscosity 
440 v=.0177 
450 rem *n=constant of value 1 T 10 
460 read n 
490 rem ttlitt141414414114141i141411111411141q141414tilltittittiiittittitt 
500 rem * write m to the data file 
510 rem 11 14 it 14 it 14 it it 14 14 it 14 it tt it 14 it 
520 
530 
540 
550 
560 
570 
580 
590 
600 
'1, 610 
612 
615 
630 
640 
650 
660 
670 
680 
690 
700 
705 
710 
720 
730 
740 
750 
790 
800 
810 
820 
830 
835 
840 
845 
850 
855 
860 
865 
870 
875 
880 
885 
890 
900 
910 
920 
930 
940 
950 
960 
970 
980 
990 
1000 
print 7,m 
rem ItttliktititttittlAtittti4ttilbitttttitikilttitttiMW- ftritiMik.  
rem * part 1 
rem ttttitt-tttttttitttt- tttttlitttittatttittlittitttttitttittittlitttt 
rem * set pointer to first time period (t) 
for i=1 to m 
maxgrain=9000 
maxavvs=0 
kcount -0 
t=i/10 
finis=fnp(t) 
if finis=1.0507 then 1490 
rem * graph data is stored in array "svel" 
svel(i) = fnsv(t) 
print 1,svel(i) 
for j-1 to last.vs 
k(j)=vs(j)/fnsv(t) 
if k(j)< 0.8 then 710 
kcount=kcount+1 
if a(j)>maxgrain then 720 
maxgrain=a(j) 
maxavvs=vs(j) 
next j 
rem * max grain values assigned 
if kcount >0 then 820 
print t,"t","t","NO GRAINS DEPOSITED" 
goto 1180 
rem itttttitttitttttttttitttttttttitttititttttittttttitttittti tt  
rem * part 2 t bedform 
rem ittIttlittilAttitittttittiltttlattittttttlittfttttttittttttt 
rem * talc. bed shear stress 
bss = (fnsv(t)"2)*fnp(t) 
rem * Cale theta 
theta = bss/((2.65 
	
fnp(t))*g*maxgrain) 
rem * talc flow power 
fp = fnu(L)*bss 
rem * talc zit 
zit = sqr(fp/(fnp(t)*fnu(t))) 
rem * talc grain reynolds nos, z 
z = (zit * maxgrain)/v 
if z > 20 then 910 
rem * talc shields curve 
shield=(10**Aq.093)*(z**40.330)*1.66 
if theta < shield then 1160 
goto 930 
shield = (10**0.1.6856)*(z**0.125)*1.66 
if theta < shield then 1160 
if fp>250000 then 1180 
if fp<30000 then 980 
print t*l0,fnsv(t),theta,z,fnp(t),maxgrain," A 
	 A 	 A" 
rem tttittttittitttitttituttiltilllattlittttitttttillititttittitiTht 
goto 1180 
if z > 50 then 1030 
if theta < 0.610 then 1050 
print t*10,fnsv(t),theta,z,fnp(t),maxgrain," UPB 	 UPB 	 UPB" 
-1010 	 rem 
1020 	 goto 1180 
1030 	 if fp < 700 then 1130 
1040 	 if theta > 0.338 then 1000 
1050 	 if z>11.5 then 1070 
1060 	 goto 1100 
1070 
	 print t*10,fnsv(t),thetat z,fnp(t),maxgrain," DUNES 	 DUNES 	 DUNES" 
1080 rem 	  
1090 	 goto 1180 
1100 	 print t*10,fnsv(t),theta,z,fnp(t),maxtjrain," RIPPLES RIPPLES RIPPLES" 
1110 	 rem 	  
1120 	 goto 1180 
1130 	 print t*10,fnsv(t),theta,z,fnp(t),maxgrain,"LPB 	 LPL 	 LPh" 
1140 	 rem 	  
1150 	 goto 1180 
1160 	 print tx10,Lnsv(t),theta,z,fnp(t),maxgrain, 
	
DS 	 DE 	 Oh" 
1170 	 rem 	  
1175 	 rem * next time period 
1180 next i 
1100 goto 1490 
1200 rem 
	  
1210 rem * function definitions 
1220 rem 
	  
1230 rem * shear velocity decay 
1240 	 def fnsv(t)=sv1*(2/(n**t+n**-t)) 
1250 rem * mean velocity 
1260 def fnu(t) =fnev(t)/0.0547 
1270 rem * flow density 
1280 def fnr(t)=((fnu(t)/.705)-2)/(D*0) 
1290 def fnp(t),,w/(1-fnr(t)) 
1300 def fnb(t) =fnp(t)-w 
1330 rem 
	  
1340 rem * data 
1350 rem  
1360 rem * grain size data 
1370 data .1,.098,.096,094,.092,.090,.080,.086,084,.082,.080,.078 
1372 data .076,.074,.072,.070,.068,.066,.064,.062,.060,.058,.056,.054 
1374 data .052,.050,.048,.046,.044,.042,.040,.038,.036,.034,.032,.030 
1376 data .028,.026,.024,.022,.020,.018,.016,.014,.012,.010,009,.008 
1378 data .007,.006,.005,.004,.003,.002,.001,200 
1380 rem 	 settling velocity data 
1390 data 14.605,14.320,14.033,13.744,13.453,13.160,12.865,12.568 
1400 data 12.269,11.967,11.664,11.359,11.052,10.742,10.430,10.117 
1410 data 9.8008,9.4828,9.1628,0.8406,8.5164,8.1902,7.6621,7.5320 
1420 data 7.2002,6.8666,6.5314,6.1949,5.8570,5.5181,5.1785,4.8385 
1430 data 4.4985,4.1589,3.8204,3.4838,3.1498,2.8197,2.4946,2.1763 
1440 data 1.8668,1.5683,1.2838,1.0166,.77081,.55077,.45181,.36132 
1450 data .27962,.20739,.14520,.09356,.05291,.02360,.00591,200 
1460 rem * rest of data : max. nos. time periods (m) 
1465 rem * 	 initial shear velocity(sv1),initial depth(D),n 
1470 data 36,6.097,81.686,6 
1490 end 
'a4 3).1. i(fish c\ Lt.L. 
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APPENDIX D  
10 rem COMPUTER SIMULATION PROGRAM FOR DEPOSITION OF SEDIMENT 
20 rem FROM A TURBIDITY CURRENT WITH TIME (Mean Grain Sizes) 
30 rem ittittIttlitittittittittitttiltttittttttttittttittitItit 
40 rem * open data file 
50 rem tiktittlittttittittttittitttkittitttlitttitittlittittitt 
60 open "sedgrp.dat" for input as file 7% & 
, access append 
70 rem IltttintiftittitittitiThttttittillittitttlittttitttlItt 
80 rem * print headings 
90 rem tItttlititttttititttitittItttttltitttittitttitittitttttt 
100 print "TIME"," SHEAR","THETA","Z","DENSITY","GRAINSIZE","BEDFORM" 
110 print ,"VELOCITY" 
120 print 
130 rem tttittIttItttittkttttittIttlittitittittttttttttlIttratit 
140 rem * read data 
150 rem 141-1414tittittttittittittlitIMItttilfittlThittilt14111 
160 dim a(100), vs(100),svel(200),k(100) 
170 rem * read grain sizes into array 
180 i=0 
190 i=i+1 
200 read a(i) 
210 if a(i) >199 then 230 
220 goto 190 
230 last.a 
240 rem * read settling velocity data 
250 i=0 
260 1=1+1 
270 read vs(i) 
280 if vs(i)>199 then 300 
290 goto 260 
300 last.vs=1.-*1 
310 rem * read max.no. of time periods 
320 read m 
330 rem * read initial shear velocity at tl 
340 read svl 
350 rem * read initial depth of flow at tl 
360 read D 
370 rem * read density of medium 
380 w=1.0507 
390 rem * read force due to gravity 
400 g=981 
410 rem * read slope 
420 s=0.0118 
430 rem * read flow viscosity 
440 v=.0177 
450 rem *n=constant of value 1 4 10 
460 read n 
490 rem IttlitittlittittitittittittItttItitttttititittttitittIttt 
500 rem * write m to the data file 
510 rem tt tt 	 tt it tt It tt it tt tt tt tt tt tt 
520 print 7,m 
530 rem tirtittittl4ttiritttItt111- 1411141MMItt11114111114111411 
540 rem * part 1 
550 rem tittitittlkiltittittttitttitttttftttitItttitttiktitttitit 
560 rem * set pointer to first time period (t) 
570 for 1=1 to a 
580 	 maxgrain=9000 
590 	 maxavvs=0 
600 	 kcount =0 
610 t=i/10 
612 	 finis=fnp(t) 
615 	 if finis=1.0507 then 1490 
620 	 rem * graph data is stored in array "svel" 
630 	 svel(i) = fnsv(t) 
640 	 print 7,svel(i) 
650 	 for j=1 to last.vs 
660 	 k(j)=vs(j)/fnsv(t) 
670 	 if k(j)<0.8 then 706 
680 	 kcount=kcount+1 
690 	 if a(j)> maxgrain then 707 
700 	 maxgrain=a(j) 
703 	 maxavvs=vs(j) 
706 	 next j 
707 	 if kcount>0 then 710 
708 	 print t*10,"t","t","No grains deposited" 
709 	 goto 1180 
710 rem * grainsize at ttl 
711 	 oddgrain=9000 
712 	 oddavvs= 0 
713 	 kcount= 0 
714 	 t=i/10 
715 1=tt0.1 
716 	 if 1=0 then 732 
717 	 svel(1)= fnq(1) 
718 	 for jj=1 to last.vs 
719 	 k(jj)=vs(jj)/fnq(1) 
720 	 if k(jj)<0.8 then 725 
721 	 kcount=kcount+1 
722 	 if a(jj)> oddgrain then 726 
723 	 oddgrain=a(jj) 
724 	 oddavvs=vs(jj) 
725 	 next jj 
726 	 if kcount>0 then 729 
727 	 print t,"no grains" 
728 	 goto 1180 
729 	 meangrain=(oddgvain+maxgrain)/2 
730 meanavvs=(oddayss+maxavvs)/2 
731 goto 820 
732 meangrain=maxgrain 
733 meanavvs=maxavvs 
734 goto 820 
790 	 rem tttittittttttlittttittittttttttitttlittttlftttitttittlit 
800 	 rem * part 2 t bedform 
810 	 rem IttittttIttlatttIttttitttttttttlittittittittttlitttitttt 
820 	 rem * talc. bed shear stress 
830 	 bss = (fnsv(t)-2)*fnp(t) 
835 	 rem * Cale theta 
840 	 theta = bss/((2.65 	 fnp(t))*g*meangrain) 
845 	 rem * talc flow power 
850 	 fp = fnu(t)*bss 
855 	 rem * talc zit 
860 	 zit = sqr(fp/(fnp(t)*fnu(t))) 
865 	 rem * talc grain reynolds nos, z 
870 	 z = (zit * meangrain)/v 
875 	 if z > 20 then 910 
	880 	 rem * dale shields curve 
	
885 	 shield=(10**-1.093)*(z**•-0.330)*1.66 
	
890 	 if theta < shield then 1160 
	
900 	 goto 930 
	
910 	 shield = (10**-1.6856)*(z**0.125)*1.66 
	
920 	 if theta < shield then 1160 
	
930 	 if fp>250000 then 1180 
	
940 	 if fp<30000 then 980 
	
950 	 print t*10,fnsv(t),theta,z,fnp(t),meangrain," A 
	 A 
	
960 	 rem 
970 goto 1180 
	
980 	 if z > 50 then 1030 
	
990 	 if theta < 0.610 then 1050 
	
1000 	 print t*10,fnsv(t),theta,z,fnp(t),meangrain," UPB 
	 UPB 
	 UPB" 
	
1010 	 rent 
	
1020 	 goto 1180 
	
1030 	 if fp < 700 then 1130 
	
1040 	 if theta > 0.338 then 1000 
	
1050 	 if z>11.5 then 1070 
	
1060 	 go to 1100 
	
1070 	 print t*10,fnsv(t),theta,z,fnp(t),meangrain," DUNES 
	 DUNES 	 DUNES" 
	
1080 	 rem 
	
1090 	 goto 1180 
	
1100 	 print t*10,fnsv(t),theta,z,fnp(t),meangrain," RIPPLES RIPPLES 
	 RIPPLES" 
	
1110 	 rem 
	
1120 	 goto 1180 
	
1130 	 print t*10,fnsv(t),theta,z,fnp(t),maxgrain," LPB 
	 LPB 	 LP13" 
	
1140 	 rem 
	
1150 	 goto 1180 
	
1160 	 print tx10,fnsv(t),theta,z,fnp(t),meangrain," DE 
	 DE 	 DE" 
	
1170 	 rem 
	
1175 
	
rem * next time period 
	
1180 	 next i 
	
1190 	 goto 1490 
1200 rem 
	
1210 	 rem * Function Definitions 
1220 rem 
	
1230 	 rem * shear velocity decay 
	
1240 	 def fnsv(t)=sv1*(2/(n**t+n**-t)) 
	
1241 	 rem * shear velocity at t-1 
	
1242 	 def fnci(1)=sv1*(2/(n**1+n**-1)) 
	
1250 	 rem * mean velocity 
	
1260 	 def fnu(t) =fnsv(t)/0.0547 
	
1270 	 rem * flow density 
	
1280 	 def fnr(t)=((fnu(t)/.705)
-2)/(D*g) 
	
1290 	 def fnp(t)=w/(1-fnr(t)) 
	
1300 	 def fnb(t)=fnp(t)-w 
1330 rem 
	
1340 	 rem * data 
1350 rem 
	
1360 	 rem * grain size data 
	
1370 	 data .1,098,.096,.094..092,.090,.088,.086,.084,082,.080,078 
	
1372 	 data .076,.074,.072,.070,.068„066,.064,.062,060,.058,.056,454 
	
1374 	 data .052,.050,.048,.046,.044,.042,.040,.038,.036,.034,.032,.030' 
	
1376 	 data .028,.026,.024,.022,.020,.018,.016,.014,.012,.010,.009,.008 
	
1378 	 data .007,.006,.005,.004,.003,.002,.001,200 
	
1380 	 rem * settling velocity data 
	
1390 	 data 14.605,14.320,14.033,13.744,13.453,13.160,12.865,12.658 
	
1400 	 data 12.269,11.967,11.664,11.359,11.052,10.742,10.430,10.117 
	
1410 	 data 9.8008,9.4828,9.1628,8.8406,8.5164,8.1902,7.8621,7.5320 
1420 data 4,2002"i6-.866665314'i649,5,8570;5:5181,5:1765,4..8365 
1430 data 4.4985,4.1589,3.8204,3.4838,3.1498,2.8197,2.4946,2.1763 
1440 data 1.8668,1.5683,1.2838,1.0166,.77081,.55077,45191,.36132 
1450 data .27962,.20739,.14520,.09356,.05291,.02360,.00591,200 
1460 rem * rest of data : max. nos. time periods (m),initial shear velocity (sv1) 
1465 ren * initial depth (D),n 
1470 data 90,18,2938,755,737,2 
1490 end 
cui 	 PO- 
Appendix E 
List of fluid dynamic characters' and units 
a:density of bed material 	 gm/cm 
A: angle of ripple climb 
	
degrees 
C: matrix cohesion 
d* : sediment diameter 	 CM 
D: depth of turbidity flow at time t 	 cm 
DWt. :initial depth of turbidity flow at t=0 	 cm 
f? :.flow power 	 ergs/cm' /sec 
g: acceleration due to gravity 	 cm/sec-2- 
11: ripple amplitude 	 cm 
K: yield strength 
n: decay rate constant (value 2 -> 25) 
p: density of medium 	 gm/cm.3  
PI : density of turbidity flow 	 gm/cm3  
tLF : density of flow — density of medium 	 gm/cm3  
: rate of sediment deposition (ripples) 
	 gm cm-2. sec 
t: time units 
U: mean flow velocity 	 cm/sec 
mean flow velocity 100cm above bed 'surface 
	 cm/sec 
U.*: shear velocity 	 cm/sec 
: initial shear velocity at t=0 
v: viscosity (kinematic) 
yl : viscous sublayer thickness 
6: angle of internal friction (mudflows) 
e: dimensionless shear stress 
critical dimensionless shear stress 
cm/sec 
centipoise 
cm 
rate of shear strain 
viscosity (mudflows) 
dn internal normal stress (mudflows) 
: bed shear stress 
